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ii IV..III. nf UH. IB,400»ft ixmtoun HI MK> ml* 
4J 3-4-hi, 500-mb h«dght uluutnw, 03011 CUT, 18 16 Jtwiuory HIM 
An ZIIIIHI wind |ii<illli. MIII alotnmarv w»v« li>ii(Uiii, 01)00 (K"T, 15 DnaettibM tUfiO 
Ml MKI ml. .Ii.nl, 03W1 (.1 "I ,  in i in. vtmbor HlftO 
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H<*«*i.on I 

THE VORTICITY CONCEPT AINU THE LONG-WAVES 
IIN THE WESTERLIES 

: o 

1.0. Introduction. Many of thoan pnwontly 
engaged, in foieoantiiijj i*!art*«l their • aronr* pearl 
Sj<" v.'!::;:: !.!:?• !!!!*!!! luiinmrn wiu4 with ninnlt ft,ron« 
nu<I ihort limn interval*. Theae forenaaUn-* aii 
likely Ui find ii dlillmdt to integrate Into their 
daily routlna nn adequate nonaideratlon of tlt«* 
nnwar knowledge of tho rule of thn luna<i*naln 
features of l.lm upper-flow pattern* Ntarr [M]* 
polnti out Unit, thin ititfi.uiiv it* a eonootnitant of 
the accidental way In whiiih synoptic weather ra> 
porting network* developed Not. ton loQf ago It 
wan quite fen achievement for a m*t<»orologl*t to 
••»• r. sA his command si fiipwiani. t.ljn« a network 
of report* covering nullieient HI«'!» to depict HO HII 

Urn oyoion*. A* a rwmlt tho fnreoaater name to 
know UH' oyolono and aaMMiiAted upper level trough* 
and ridge* largely M phenumetxa that appeared to 
toe int. Independently of development* in other auction* 
of the hoEniaphare. Tim geographical extension of 
olnjorvation*, nepwi uilly upper-air obanrvationit, and 
the study of these observation* by dyniunio tnrtooro- 
logint* ha* proved (what mum) iimi long SUSpseted) 
that the oynione (or anticyclone) i* not Independent 
of developments In other parts of the hemisphere; 
rathm it constitutes a cogwheel in a larger meehan- 
iriin The relationship of tho oyolone to the larger 
HUAIVHOW patterns iniut therefore l>o t>. part ol tho 
daily forecast routlno if progress l« to be made In 
i..n'<-ui;tiii|/, tlin motions of cyclones and aaaooiated 
tipper air wind held* 

Upper air How lint, tin -nn may he regarded phyai 
•wily   M  octslstlDg  of  three  hold*     translation, 
rotation   ivorttnity)   and  deformation      Kqiiatloti* 
dwoiibit.g Lhcao motions am derived from the prim 
Hive   hv.ii'Hivii'V'M n>   iWjii«i.io;;s  of   motion.     The* 
practices of synoptic meteorology for many year* 

have iiiiu'n Itjto account, at iea«t empirioaUy and 
qualitatively, the major nttoot* of tho (Wild* of 
tranrtlation and deformation Hut Until abiMlW 'U.'W 
tho effect* of the vortinily lifiid htwi not IMNtfl noli 
m'lorot! in any effective wav, either implicitly or 
explicitly Thn atiidy of hoiiiiNpluiriu nyuopth' 
nharta lirnt l««t to a raoognttit^l of the nimllatity of 
thn olMorvml laimtv-niialii pnvifiiiro pattorna and thn 
pattnrna ohUiiitnil liy itit^RratlriK a mmpllfind fonn 
of the vortlelty equation [881, [271, \W\. I-i the 
last ihviailo nnnil, atudon have L>euii mode in the 
application of the vortimty initiation to I'm wanting 
the motion of tho targ{HMaie-flow or "long-wave 
patteme " In addition, thn vortinity approooh in 
proviriK vahiahh* in foit'oaatiiiK thn nhortitr-wavna. 
Thn mnulta havn lnwn unofully applii>d to foronniita 
front i'2 to 7if hottm 

1.1. Pruuni/iitidii of A1*fkuai.     Kor  tho pur 
pi#o« of thte manual, the diwmamon t»f thn nan of tho 
voiU.Ry eqaa4kui wiJl »»• divided JntO t.M-o pnrt^- 

ii   Tii»    LAROS-MOA!J*]   <»H   IIUNOJ-WAVB   IVi- 
I'WIINM, ami 

h    I'nw  KMAI.I-WK HI'AI.B  HraiRMH. 

1.2. Vortioity; 

/.f.O. Vonr-c.j v in the U>nn uaml in fluid mo 
iihamoR to ihwi ,i .-! the rotational motion of In- 
f'mitnaimal fluid ehsntfita The •ynoptio metoore- 
logiat, however, i'i concerned with (low pattenw 
of A scale found on a weather map, rathor than thn 
motion of individual fluid element-*. Thitrtifora «n 
will he 'tnulnur here with moan vortinity averag"! 
over ai« ania W!IO«K« iimvar iitmooH>onn am mimo 
liundrodH of ml tee 

*   Nin'iUi WinluMDl III  I.IIUltci* II •  l.llAill.fM  Id  «!»«!«• 'i»l«.i  •>  ill* *l'i!  .,/  Ut  Muilwl 

'"«in w^vmumaam^ma iwww'i**eewf^w> wpw* • —   .1  r .-^^..- w^^M^»T-.--y * 

^ «.» r /• v; 
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/ t I    Itr.l.vrivm   VoliTIi NTT.    The  vortinit.y  m  a 
horlsontel  currant  ran   be  broken down  into two 
components, one due to the curvature of the nLrnam 
lines, and the oth«r due to (In* nimar in the current 
An maniple will Illustrate I Inn    Consider a flowing 
river     Place on the water two (-In U'i. amp. j"'i |i"riili 
clllnl     lo    H.>     lllllt'liL   (A)    urn!    I It HI    |ml)llli>l    to   Hie 

Streamlines of the How (M) (ass (inure In). 

A 

~ JL  «,  .*. 

a. 
! Itftin   to      Seli«'iu»»lr «llM|tra<l« lllualrntitig »< •<• ril- 

• lUr »..«ll« In 

I.M.I.I, II there l« neither curvature nor «he»i 
in Mix current, neither of the atiiika wiil altnr it* 
orientation relative to A iixod coordinate HVMtnm 
'MI they arc (IHIIMIHI.I-.I (transported) dowimtrcam 
:in. ti i» current ou be mini lo have no vorlinity 
relative to llic coordinate ayatem Now !••(, on ft* 
Kin no it lioiisntilftl ahear iiximtn in the nurmnt; >\» 
ilhitilittted   in   iiKiiio   Hi   the  ahear   IIHIIII*   In   atiok 
(A) lining rotated, 

t'igiiro  le.     'i< In .UMIII   ili«nrciiti  ill.-i, »II..»  ,„..i«|.. 
(eyolimifi) rartfolty <i>:<   t.» mtrvNtiuv 

of atmospheric How patterns (i. a  ieUtivo to the 
earth's surface) may be evaluated from the curvature 
ion!   npnclng  of  contnura  on cor iM.an I pressure am 
face* 

I MM. Aliaol tiTK VoRTK -ITV. However, theqtliUi 
tity which nppeioa in I he vorticity etjuatinn In the 
fti.n iliiii' vorticity The vorticity liquation, being 
derived from Newton's Reeond law, of motion, 
must contain umiwi describing motion with refer- 
ence to ri'ii'iiimi 1'iHiiilinni.i'ii, |, «i, wiih respeet to 
tint mutii'n orientation In upturn rather than with 
respect to the rnrth'n surface. Since the earth i* a 
rotating spheroid, all pnintl on ita atirface except 
thom< on the equator, have a component of rotation 
around the local vertical, Thr magnitude of thin 
component of rotation ia & function of latitude and 
in equal to the Coriolii parameter (2 u nin $)   The 
niimtlulr imrtit'itti ia tiiue defined mi the Mim of th«- 
('orioiiK parameter and the relative vortlolty. 

•spa 
& 

ll(jui^ Hi.    vi> licniuiH i «ll«gr«t<i Uluslrtilina podttN* 
(rvi,!i'.ii!<,) I'iriM'ilv I'I» in *iiin> 

/ f I 9. 'Vim vortii'ily in gnncral '" tlie mim of 
tin1 rofatlona of tin- two -i• 'i.-i in relation to u flxocl 
coonlimvti ayttem 'i'l»' vortloity if then N»0<1 to be 
n lullvi- to thin coordinate nv>ii<>in (llotation in 
t.iic I'hango In angle pw time unit) fn the uaeo above 
only tlie •tiok normal to (lt«» Rtroaiulinea will rotate 
ami ii laaeen that tha vortlnity ieer}ual to the «iin»r 
of the ourrent Neit aaeume thai thorn in no HIMIHI 

luil that *!n» itreamllnae of the How am curved Tins 
rmulta In H n:tnti<;n of atluk (it) »« ilhiatrHted in 
iiitiiri> in Note that nfwk (A> done not •otata, 
mnc»i the ahear in a«ro 

/ t t ,"f. I'or daily operational uaa In waathei 
unnlyKih ami fore<iaating, the retativn ynrtlolty Held 

:\ 

1.8.   I «r»j.^r-McMlr   I'dliprim.      Ui^whv   invmrti- 
i/itii-.'i iiH'ti-iiH oi obtaining an equation which would 
nivn the Hpwd of movement of iar«:<> aeate wav<>n in 
the atmosphere, \\y "laiy.i- wale" he had In mind 
thoas wavim which wnre of 40 tn lil* longitude 
degrees in length To obtain tin' wave apead, h.- 
used tiie vortioity aquation with several atniplifying 
nesumptiona soma H which arc anvere i'2H| It is 
Important to know what moat of these senumptiona 
ai^v The oncn dlncuHKxd below arc those with which 
wo «rc directly oonoomed when itppiyin^ the lonit 
wav«» or l.loaaby aquation to foref'aating Ho««iliv 
considered that the wave motion n»m taking place 
in an atmeephera with no horisontel temperature 
gradient (wintis constant in direction and velocity 
wiih height from aurfacM to top of atmosphere) 
Tina in called a tinyle layer Imiotropic tilnuitiphtHi 
For the MMii ii'-ni Implication of this Assumption 
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HOC   |)lt.-ii;ililpli   2.0 HoHall"    M.IMII   UflHtliiiOi'l    I illll    (111. 

lli.» patterns lit Ulia bariil.mpin atmosphere OOtt- 
i.aintul   IN,  iiiit.nt'  MI.I'.H      Thin  meiuiM  tin-  relative 
v<»i>i 'ty In given "iilv by tho aurvatura of the 
streamlines. Another assumption wax thai. tho 
flow pattern IH sinusoidal and al HIUUII amplitude 
Iran- par, ii.15.2./. further, he awouncil Unit tho 
ahaoluta voilloity remained noimtunl. with time 
which means tliat ohangoH of relative vortJpity (i. e . 
iif curvature of the streamlines) lawnir only whan 
the t lorioila parameter nhnuKo* 

The equation for the w*vc n|;.-««i that Hmwili.v 
derived IM 

(I) p m  V        it /.•/<»', **h*W 
f       «•   W»V.l H|M',ll. 

/'     —   muni        Wlllll       npimit        i*i'"l   i< 111. i 
H|iwl), 

I,    — MtUa' nlmfrvml  wnvo  lniitfl.li, mul 
(I     m lulu nl  iiliaiitfti   niiilliwitiiT uf   i!.. 

4'iU'liilla pRtiunntin   - 
SI bi (tmseJ i" which 

if 
u    -i III.^IIIU: njinml nl I'm nmlli, 
/.   - lalltuilti, ami 
K   - dulllM nl t.lio aartll 

It nan I "i BICII from equation (I) t hiil. It. ii wave apood 
IM 14 function uf the speed of the weat wind, the wave 
length end latitude, Uetermination of thoao quan- 
tities in diaeuraied in Hoetioii !l 

l HI atationaiy  ftimvi (r—()), <K|iiitf.iini il| may 
!«• wrifton in the form 

(») a - n /..'/4«', 

whom /„ (the stationary wave l< n>/i ii» M a function 
of t,li« strength and poaition of the annul wind 
stream, nnd may bo luted .xinvonienUy to represent 
tin- wave iiMiK.ii- oi a hypothetical stationary wave. 
[Eliminating V between equations (I) and (2), r 
becomes 

«• 
/.'). 

) the wiivn speed IH KIV« an a 
different*) of tho aquareH of the 
unary (/.,) anil observed (/-) wave 
io latitude KtuHirr, nompariaoti 

v<i IIIIKIIIH   will   Indicate   whethei 

wiry, (/,» »  /•, s •» 0), 
mnlvn, (/„   >   /,, (I   »  l('l, 
'iKHMlr,.       it-.   •    I,, r       (II 

Itoaxhy equation lor thn motion 
wave patterns, it la nsaeeaary in 

• foot that IIHI motion described 
all- sysUmta i ii, of waves whose 
amplitude in' lioy.r ctio.tgbthat 

in i 'nrmliM parameter with lai.it,uifn 

in *rf Importanoa In determining the wave dynamim 
These ara i-u;i.-.i the /i»"(/ HMMI lor major iflswM} a;!il 
may bo defined a* (.liono Atitxeplxirlii wavon of m- 
lallv'ilv larR*fttnnjltiida wh'nli »oiiHi in depth through 
Iho I.roponphoro and lowor atratoaphorn (mm l(m»*liy 
[37], Namiaa |IH|, lull* [ 13], and (Jreasman [7{). 
I liny are «»»mii-ii with v.-ni>n tropoapherie ridges 
and cold troptsipheric ITOIIKIIH found in thi> mid 
latit.udo A(ini(irliiw. Thoir liorisonLal amplitude 
Innrdanes with heighl in (h» tropoaphnm, rnanhing u 
maximum at t.ho tropnpause, ami deornaaoa with 
height in the (tratnephere, Their motion '•• alow, 
seldom nxotwding 18 long dag [-IT day They often 
remain quaai-etatltmery foi periods up I^I n week or 
inoro l Mi- to ibiM slow motion they often appear 
an wavfiH of larnii ainpliliidn on fi day m««nn IIP|MT 

level nharts 

The idl'lllllli Ikllnli nl i.lin 1 i.iji, IMUIW IM  l.iw, |,,VI'IM, 

pin i.d iiluilv at VIHl inb and Imlow, in miuli diillrull. 
by the preeanne of the rapidly moving, amaller-snitlo, 
warm IIHIRIIH and nold IIIIKHH (minor waim»), HI into, 
ih" minor wavon deoreaea In amplitude with hoi^ht 
tho I mill level for the Identifloatlou of i,im IOIIK waviw 
ia iMiiii tho Liopopauno (.'MX) mb or '/IMI mb) whore 
I boo oinplitiido in {{roaU<al. Owing to thn laok of 
high-level data over muoh of th« hemisphere, the 
ROO-mb ohart ia ourreiitly used an the basic chart 
for the nimby ami imalyHm of (ho long-wave patterns 

hi ordor to uao tho equation (8) tut a tool for fom 
canting tbo long wavo motion it in necessary to Imn- 
tome ld(«a of the future variations of /.. and of /,. 
Thn proSI<»m of fnroofljuting f, ia n very dlfTlr.iill 
<nio. and ha.-1 not IMMKI solved satisfaotoriiy I Eowaver, 
it. has boon allown by Croaamais |7| that variaUiHia 
of /,. am gradual hav(rur lii.i.lo fifTiict on a fnwoftal 
for 1 oi 2 days A1UIOUKI> persistent trends in the 
vaini'H of L, can oeoasionaliy bo detected and ox 
trapolated, miwii, of the ahort term (!'.i hr <n 24 hi) 
vikriationn m L, shown i• v the computations arc dm 
i,o irregidaritiea in iho analysis, raiiHcd mainly by 
lack ol data, and arc not slgnifloant In fanit, onti 
nan often obtain the most representative value of 
L, by a-.crut'.inji Mm values computed from three or 
four successive I,' hi mapM In tho regular fnmcuHl. 
roiiilnc then, /;, may he oonaidered n» nearly oon- 
atant, 

Tim variation of actual wave-lattgth can bo fore 
oast to a nertain extent by a treatment in whinh /. 
in iiiwtumcil i.o have a ooiiUnumis variation along the 
x (west--east)-axie (('ressman |M| i    The pnirMral 
application of  variations in actual wave length arc 
diMi umicii  in wirli.iii   II 

•w#«».v».-^-^ir*-*" 
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1.4.   HHIM1I<I I-M<II«I»I I'«lt*rna.    Th« UHO <>f ml 
vi-iii.i,»n of (f.liii.ivn v'triliiitv  (lit whiitii Uolli ahisar 

i'n-1  (Mirv&lunt ftr«i CODHUIWII)   IN  linlpful  in  fi>rv 

(<«M<inK    t.iui   i«iiiallnr wain    witvti    |>iUU>int»       Ttw 

principle iuvolvml In I Iml. tint mulitiim o( Ui»> wnallnr 

H«»1O t.r<iiii(liM ninl iiiic.'M in tlm mid troposphere 

<H«-     i I...-K.lv     l.w./. i/il<-.l     Wll.ll     lll«    *<lv<H<tlt»ll   of   lilt 

MH> ltili  rolftl.'.vti viirdcltv  Hel<l.    Thl*  will  I..   <lla 
.  lil'Ml-,1   ]||   -U .   l.l-il;    HI. 
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Section  II 

APPLICATION OF THE EQUATIONS 
FOR WAVE MOTION TO THE SYNOPTIC CHARTS 

4.   GENERAL PRINCIPLES 

© 

!J.O. l'.|iiS*i«li-jat iiim.si ropU l-rtwl. l tin prtn* 
dpal difficulty encountered in th« application <il 
equation \.\\ to the synoptic < Junta in * im-»>d l>y th« 
iiiiicn-H   of wind wit.ii heigh I  in the actual baro- 
t'lll.i. nlllimiplicrc, MIIII'C aqUAiiOfl I.'* I WAH derived 
lul     11    Mingle la.yei    barotropta    atmoaphiiro I'llin 
difficulty in surmounted l>y the application of the 
computations to the equivalent hamtmpic level. 
A discussion ol tliiH <|ii«wlio<i has IHXIII given by 
< •hnrimy \'.i\ and tiy < Iharncy HIUI MII.WIHI-H |5|. 
They have shown that ''an equivftlflnt-bArotropia 
atmosphere .-no !n- defined, whoso motion corres- 
pond! to the motion <>f the barooiinio atmosphere 
at a certain level." A considerable number <>f In- 
v«iMt.iK«ii"iui l>v Chnnipy (^|, fharoey *"d ',,ii<**i»«,ii 
(5], ('barney |1|, OroMMomn |7|, Ami I'ahnfm and 
Newton I.!'.'| baa shown that the level in question 

,.-.- IVM\ mU      Tn f"rm«lmif practice then, 
til*)   Ml.lHHill-.il V     WAVO    loilKlll    i«   CVJlluiiti-d    frolll    t.lii- 
WJIKIM HI. (KM) iiili This in done 11\* working down 
from (In '-(Ki mli surface, UM iiwicritir.il In the Ai>- 
rmNi-ix (par, A 1.0). 

2.1. Criteria iW t.,,    in determining v>iIn.* of 
/., from the upjMii nir charts, the following criteria 
should he. urM'ii 

a.   I'ho ATM on  the chart,  over  which   /,,  m 
computed noil to bo applied, should contain a well 
defined ami continuous licit of wester I IWI, In which 
tit* long wave pattern m question in located 

!i The area over winch L, t* computed «li«ml<l 
Include About l'-5M long, deg < ^imputations on A 

small scale, e, g., for Bentors a& about fto long, dug., 
uill Inoluda lew than onn wav* length ami will he 
unrepresentative of large •soalo conditions     They 

will unduly emphaaiM relatively local conditions 
in a major trough, or in a major ridge On tlm 
other hanil, computations tiiat. are made around 
the hemisphere, iunh an for tlm nonnl wimt npi-n. I 
(If in m\. 2) whioh U ayinaKiil for hww iatituda anil 
longitude MCtun (m* hPVKHOlX), will ROt !sn vory 
nwl'nl III vinw of tlm polar eooentriolty ami wavn 
OnIII of tlm witaUtrliivt. I1 or exajnple, it in ->lim.i v<«! 
tliat flm weBt>rli«» ovnr the UHHU am imuallv inunh 
faitlmr north titan thorn* ovor (tin 1'iK-ilin I'sulm- 
tliorn) oonditloni the Gomputfetion of tint •imal wind 
«|M!MJ avnraK<OK around UIM hcjiuHpiiero at one lati 
tudti would not refloat t.ln. fuli ntmiiKtli of tlm wtintor- 
liiM 'I'lmmforo, A i'.iO diiy.:-"-' WK'tor Inui iii'i'ii found 
tb» l>"«i oliomn in prantion. If computation!* of 
II ami 11, on a iiitiiunplinrni imalo are (Innirmi, L!KI> 

!>»n   I ii<   in ado   w|iiirn(.«'lv   for   tlirtm   i'iU   lo.tg. dog 
HObors, 

c L, nttould IM) oomputed for a eeriee of 6"- 
latltuda holtr. ooverlng a i«'ii.r. euffloiant to Include 
the belt of wuHtorluw (usually 38° tit)" N). Next 
une must ohoee tiw pArtioular l.„ which linnt M»- 

praeoBti tho maximum core of the wonUsrlloe 
However, when ttie wnvn of (.tin ourrant have 
UIIIIHIIAIIV i'l'i',- amplitude, luiiie of the 615 latitude 
Irtilljn for the IX" sootor rnay lie sulfloiwitly repre- 
sentaUve t^i l>n useful. A judicious soieotion of the 
V/t) long.-deg sector m needed l<> fnlllil thin require- 
ment satisfactorily, 

d    h. in MIIIIIKI.IIUKH oli>mrvi»l that two OUrrentM 
of westerlies, doth having oonslderable ntn-itttth 
at MM) nth will be present at different average lati* 
union. VVhitu thltt ocoure, the oowpufcaMon oi the 
Mtatluiiary wav» l«it)(th for this sector may be un 
representative of nithor ourrant, In any caan it in 
advisable to iiMp^ot tlm upper-air oh rts closely 

gM^s^ejgsjsMejNejeie»WBWi«»ew|iw msw •-»»«"--*» • K. ii <syg 
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to «('<• that the latitude at winch the station*!v 
wuvo liMigih in oomputed iM>rrwpondti to a we!i 
• Id1111Hi nurront <>f watrterlleM, 

It,2.0 VrrllU'mfloiin. hWoral viinlii utions havn 
liiKHi iiuniit ui i <|iiiil.In!i l'\) for periods ol from 24 l<> 
72 hotirw 11 iuw been shown by Grossmen [7| and 
UIMI by some iiii|iiililirilii'il verifications (hat when 
"'luntiuM (8) in used on the major wavnn, with //, 
nomputed from tlm winds i.t <>()() mb, the average 
absolute i'ii"i (• n, without regmd to sign) in the 
verification iif n 24-faour foreran!, of trough die 
|iliuTUH'III. IM belwrwh two ami three lougitil do 
ilogroea     For pnrimlH in excess of 24 hours,  the 
nll&tlg" of nivvi> Ittllgtil >sil.li limit muni h* laltim into 
uriuiiiii      riii»   iin lie done hy nnmputiog 0m total 
displacement in 'M liuur steps.    For nu< h a euai 
point ion if ii neaasaary that nl. least sovoral of il». 
long waves show on tho nhart, 
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• «:I!I   Uml        lli'>  iMLftl   LWil   'Uttlllitf   llttM   .linl.««   all   lli«   pftllllfl   likvlllff 

Mil  (.!;..I   >'f  !»*•»   HIM''   I')  iilMH    lI'H 

Hj(lllr    KII Mi'Kliila   llf   IUI    li:.ln   of   I r«llgh    •tiolloil, 
cu»tn|iuli<t fruiai 4<tifiiUoi> f\t   liileluu lut<» ttncwiuaf 
flu- HiiM' i IIHI>H>   ivi...   li IIMIII* t»r '•' K   (.. I--.,<.I 

M.X.l. \   Vftrlflcatlon   of   Lhfi   Itoawby   nqiiftUon 
!MI, iu|-  Mll.o KiTdlllll. till' (ihfllIRr of Wltvt> It ny'li  Wlttl 

I,iron loi r'.' lit rui pt'iioiln, >IM IICMI'MIKU! IIV (!ri.tii!iiiin 

|H|, jjuvti i.lm rwrnlta ohowii in llgurn 2n. I'ifty <mus- 
|iiiluiI'lim of 'I <l(iy trotigi) fiiiplfcnnmrntfl worn hutno, 
lilit with hiH't'iiil icfil.iirlioiuv Tht' hint li'«lnrtloli 

WM Ihtti iin' *ttUtllio|l» vvmi' Hi'lnrti'ii HO IM to in 

i'ii; I" milv IUUMUI wlinr" f.lm lung wivvi' puilt>rn wim 
tuinnnrvnti  throngli tho porloij     A  iiuni|(,i-  m  tli<< 

K4"iir*rw>] »tnioliim of tlm jmtU'in in n nlowugti of Um 
WAVII numlior (total niimhor of noij >i wnvistt around 
tho hninmplu'tiO during tin' |HUJ(MI wiM» oottddwud 
ffuMinliMit, to jnoi luilo A '(•"• •"'!'*-. lornhi'livl froni 
llio toflfing w«ir<i Nitiovtioim *ii''n thi! mouuromert 
•>f ..in•• iengiita or of illiiplai»!r.ont WIM difllnuU du# 
to i.hii obaouriug of inajui truiiy/n hy minor trou^.i* 
of niniiiuiillv lurgn aiiiplilinUi Thin i>limiii»(.i.l 
tlioHo pntfiirtm wli^rii tlm i<i".'!«ro trough n>tioKrivli><l 
during tho tiutt pariod, »uw<< th* Imgo Rmp!!Lud of 
iin- minor trougha presenl duriug tlm ntlrograNlnn 
of  ii major troti|/,h uatiaUy  inodfl tho ini'twuiMinuint 
of  I. Uli  .|['.-.'i|   liii|n..in||.|i' 

t.t.M   I'IUS averago abBolul^i valim of l\v& prrom 
icpii'iM'iiiiril iii (igtitn '2K, It ni« long dug    A no tho r 
ii-!>f wan made on f)m Miunn tli.tu by tripling th" 
trough dlsplftfawnHiil obnnrvsd in fbn -' i hciui period 
pri'i'f«lillg the I mil, pflHod  nn-.l  IIHIng  Hi" rtW'l't 
in/, vn.lon i»»i., fnnii'iuit     Till* ini'lho'l ixiuk! !•<• t.vain 
attnl on only 42 of llm pattntiwi     i'litt pmvloui 2'i 
hour trough dlaphuHunant ooulrl not !.•• avoitu <'<l 
for oight  fiatUirnti ilim  to   varioun  M-IU'OIIH     ThU 
inn tho: 1   of   forwoastSng  gavn   an   avttngO  almohiUt 
error ol 13 long, ilug  for the ;f<i«,y dicplgawruint. 

\ 

HjUf" 2h. iljr|Mtllit<ltm.l lotig-wiiyx |Miitorti •« KIHIII 
nit Sin- !Mh> mli • Imii wllli ti.il. li—.-ili Im rruniiig 
lipillWMi 

2.3. Kflfci-I of V ii, im ion in Wavn I.nnglh. Tho 

muthud of taking intoaoouunt thn variation of wavn 
length whi'ii computing ili»|iIa('«»nonl of Irougim 
beyond 24 hour* follows 

it ItUTf.ruring liuur Unylh uptttiKim U:n,ig U> 
dtceUiraU trmigh movmnent In figure '^h, the fa«:( 
that /., in grcnirr than /.i will (fmselerate the move- 
hit'iit of trutigh I t'oiiRldaritig a oomtant nonal 
wind (I. ii roiiMtani. htivtionary w»vo It'iigth) in 
equitUnn (A), it o*n he HIW-H ihat trough i will move 
fn.11 fur in a 24 hour period than trough li Thix 
in baoauM (ht

l !*%ri in greater than (h,1 I,') Thin 
differential motion ol t ough* I and II will rwadt in 
In iiicritiuimg, with time ami a eurKMpofiditig do 
ereaM in (,'.,* /,,'). hiuf. the apewl ol trough I in 
determlived from et|uation CD hy if-,' in1), a d«v 
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nreate of tola quantity will result in trough I Blowing 
«l«wii     Similarly, trough  II  will decelerate sines 
/•I  JH IcHM tllllh  l.t 

--_ \ 

/ 

Mil (lie !MW ii»l) •»•••»!   .. iilr   ......   ...,,il. ........I..H 

mwiiwMii 

l». DtamuAriiQ warn  length  upiinam  ttnd*  u> 
iwr*l*r<tUi trough movtmtml     I1' illowiriK,  tha auns 
(i.'li'iiil  reasoning «N In   (II )  above,  it  OHfi  ho MM>N  III 
Klg. '2c that (/„' /.i') la low. than (/,.' /„') whl.il, 
n'lmh.M i*i /.| decreasing and (/..* '.,") imn'wuii,: 
with time, Thin, of noUKM, accelerate*" the move 
intuit (if trough I Mimllarly, trough II will aocole 
rnUi when (/..' /.»*) in loan limn (//,* /V) 

Tin «H>"i I. of nit irnasiug ur d«ior<*aaiog wave 
lengths upstream oan l>n obtained by computing 
trough displacement In VI hour nttips Thin oan 
Ixi dona by using i,\ (in figure '.'!• or 2o) for nompul 
tng the displacement <if troiiM.li I for the first SM 
houn:, mil! bv  using  /,, for trough  II  mil  h\ for 

trough III The retailting new trough positions 
will then be easoalated with imw vahi"* of wuvn 
length HI. the IMUI of 24 hour* However, in order to 
obtain Ui« w«vi' length between troughs lit end IV 
aftei '24 hours, some assumption about the motion 
of trough IV tc nnnnaanry if none SH mule, thi' die 
placement <>t trough III few Mm second '21 hours 
nan not he computed The displacements of troughs 
I I'M.! II for the second 'l hour* eon >>• computed 
by one of thti new values of /., »'<:•} /,,    if .-, new 
position fe>r trough IV after   'i houn is IM n^! 
by miini' means (not discussed here), a new value 
for Li in available, and a position for trough Ul 
can .ill.- be luimputed HI (he end <>l the second 
24-hnur period The name process can l>c repeated 
^i•• mn the trough petitions at the and of thn third 
24-hour period, for example, the distance between 
troughs | mi.! || HI, the end of IK hours would give 
the now wave length to bo used in obtaining Mm dis 
placement of trough I Tor tin- third '24 lion, period. 
If some motion in aiummcd for trough IV for the 
inMt 'IH lintira, computations for the entire linn 
perloda can !>•• made for troughs 1, II, and 111 

If no assumption i>< mado about tho motion of 
trough IV, 48-hour diipleeementa oan i.o obt^unad 
only foi IrougliK 1 »;nl II, and a 7'2 hour dtsplaon 
merit only for triniKh I However, if Mm ruguliu 
wave pattom extend* rotupletely itroiuiii the heillia- 
phen, no iiHMuiitplioii about the motion of uuy 
trough IUTII be made 

R.    IIIKNTIPir.ATION OF THE IX)N<; WAVES 

2.4.0. ^J.H.-I-M.-HII ('iiwrlH. AH pointful out in 
wvH.m I pur I !i Idnntinoation of the long waves 
i« made difficult by the preaenon of tha rapidly mov- 
ing mirnsr waves The spaee-mean chart, tiovaloped 
by Pjftrtofl |ll|. hiw< provcl very uwi'ul in Uientlfl 
nation of the long waves This chart is nbtainnd* 
by HvenigiUK a i^iveit MM) mb ohart dispieo<td a (')'i 
tinii distanne in four ilifr<'r»ut direntinns, to the ends 
of the griil shown in figure :t ii fmu nupies of thn 
nante NM) mb chait went pleood at the ouds of thin 
grid, ii.liicil t.<igelbcr i>iu|f!,ii ullv, ami the sum di 
vidod by four, the resulting chart would be th« 
spaoc average desired 

f i, t     To  Inierpret  tha  resulting space mean 
chart., one nhoulil • tm<u.ii<.<> the grhl AlH'flK of liu 
tire H laid upon any point of the original •hart 
The Wfc't ml. heights at tha ends ol the grid am Z», 
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/», Zc, and >;,>, with the height at K haltia, /«.   It 
inn ha  •!! tliui. tho hrighi at  the corresponding 
point I'i on the npaoo mean ehart m tj (/»   I   ?e 
f   Zr   f /'i,), 'vliirli in inlli.l   2U     Tin- apace menu 

nharl i« often culled the # ("aae-bar") chart.    It, 
hit* been determined fi-nn many connldcrel'.nnii (hut 
it i(it-! '•!/•   {ilinlaiice from  I    In any of the oiititlde 
point*)   of    '•<><!   nautical   nilleii   1.:   thu   Inont   iieeful 
Wil.li a Kri«l of thin HJ»II> one fjnda that the email 

amplitude,   rapidly moving   dieturhannea  are   n-. 
• >r(t|j-» •! mil, mill dt) nut appeal mi the apeon moan 
chail,   InAvihK   the   Inrgi-.""-HI"  HIMWIV   moving   MVH 

tern*, Inciludlng tin- Innu. UHV •>    In the i...,^ wave 

example* whli'.li follow, I Jin # < hart* wilt lid ahowtl 
itH well iw the original W)0 ml) chart*. 

2.5. H. i»,i.i i*i<.j(i(H ilin rmrurtruotlon of 
(wight profllea li'ifi iil'»' been found helpful In the 
identification MI I.IKI longwave pattern*. Height 
profile* run IK1 -I'IIV, I, 111 tho form ••) it graph ul the 
Iniit.iiilo (rf a given BOO inh contour, aueh a* IH ;ix> 
feel,  again*!   loiltr.il<l'l<-,  "<'   in   the  form   of  Ik  Kniph 
>>f Mm inli 1.1 •n;i. 1 HI iv given latitude circle 'v,-.iIM .1 
longittuln, *>r the "IIOIIKII mid nd|te dummm" miu,- 
gented by Hovmollei |l II Them, profile* represent 
the larRe mule pattern* in ea&ily vi.Miiali/ed form, 
tin will !•<> in 1 11 frOffl  tlie example* 

C.    KXAMIM.UH 

2.(i.0.  I'roiircisloii  "*l   (IM-  I-OIIK  WHVIW,     I'm 

gresdan (eeetwerd movement.) of the long wave* i« 
uiually found in ivn/'o'uti.ion with relatively short 
wnvn-lwigi-h" ttml well defined major trough* and 
liilncii iii the middle iind upper trnpoaphern, At. 
the surface, there <*ru UMIIHIIV only tme ei l wo prom 
inenl cyclone* IIM^HIIHI««<I with each major trough 
aloft Unili'i l.hn forward pert, of «•««<!> major ridge 
there i* initially a well developed surface antiey 
••lone, moving toward the l-aet or Kolitheaet. The 
24-hour height change* at upper Inveli umielly have 
a one-to-ono annimlatiou with major troii^liM and 
riilRnn (t, g.| riiolin;) of maxirmim height fall and 
rino area" mwoolated reapoctivoly with major trough 
and ridgn motion) The traeka of the heiKht-nhanKe 
<uj()t«ra depend on the movement and ohftngea of 
inU'iihity of the IOIIK waved, and often wein aome- 
ivhi»». #»rr«!ie 

t.6.1  Tho situation o! 18 Ift January HIM (flp. 
la J), IH pri'henled lift AN RXAMiniM or A HHOdKHK 
•uvm l.dNd W/.VK PATTMBN Allhouiih llie rtii'ilyniM 
of the long waves IM oiadii <MI I.In- MM) m!i ehart, the 
two aurfnee eharia, linnrew 4li nttd IK, are whown tut 
an indication of the relation c*l the eitrfar.e pattitrim 
to thoae in the upper air The rojnpuled valuea ol 
the tioiial wind Mp>>e<l and Btjitiouary wave lntigtli 
am tjh.-i«.v;> in Rgtira 4d There 1 •, one predoininant 
went, wind ourrent In the I'lirifii', wii.ii ms<ximum 
•fpre-ld al 411 4/1 "N Al the wen) (toast of North 
Amem-ii, thin I'linrid npllin into two matinia A 
narrow purrent HOWB tortwa Clanndn, wlnlr a liroail 
er one IM found over the »«ilthem I'oitiid litatea nu>\ 
nontinuing anroafl the A1.l11nt.ir    'I he map will there 
fore   tie  i'oriiliitcl!'!!   to  ••."lilliiii   i%  pfeuomiiia?tt   ;;;• 
reol of  waatartiaa  with  nverage  hit it mien of  40 

1B"N in the 1'iKili'- mid 't.'i 40' N over the United 
Rlatea and the Atlantln The northern nurrent 
acroaa ('attada will not he onnaidered In thla ilhm 
tint ion. At the eomput.allon latitudes, menlioiied 
idniv(1, the major trouujiM are found at Kl7 I',, 
ltU"W, KIO'W, and mi"W     (M.M. flg   4a) 

p n *' In thin axample, there IN little room for 
doubt no to the location of the major trotlgha. Thn 
>ipiK'i« ineou nhart, litou*" 4n; preM<ufed for 110m- 
pariaon, olearly KIIOWM the IOUK WRVH pattern at 
middle latumleM The valuen of the atationary 
wave length from I'lKure Id are til long. •» H for the 
I'lK-ilii- anil 71 lony. deg, for the United Nt^ten and 
the Atlantie. One of the lonu. waveM overlapa the 
two ioooa lined for computation from thn (iulf 
o| Almika to the Kooky Mountain area. A value 
of /,, — HI at l()"N, which IH an average value for 
tho two »oiieM, in uaed for the lirnt 'M hour period. 
i">i tito aeound 24 in PIHMM Una #avt \u uhnoiit 
entirely within the eiuiUmi cusnputatlnn none and 
the valiM of l.k  - 71 dngreoi in uaed.   The reauita 
of the i oiiii'i'lnlioiiH are indiciited in  ii|»,iir<'   le      A 
nonnlant value of /.  -- 02 IOUK  deg   waa natmnitul 
for the  Pin-In-  (i.e.,  the   VXI"  V, IIHIIKII  prugmHHUl 
al. the aame rule aa the KM)" W trough) in onlei 
thai a i.'t !•.• HI pi ifi I inn Mould >••  computed lot the 
t lull "I Alimku trough     If the i-nei AHIU tnni||ii hod 
lieen wKiiimed to riMiiaio wlationary, a Mmailei i^an! 
ward motion  would  have IIMHI  Indinated  for the 
(Iulf ill Airuitiv trough foi theaeoond 24 hour period 

9.H.S. The map* for the end of the 4M hour peri 
'«!, on  Ifi January  I08I, am ahown i» Hgurea If, 
IK, and  11.     It in evident that, lie- IOOK wavmi loul 

it rapid eiuitward motion through the p< imd    Al- 
though the orleniation with rtwi|M>ct l<> th«> meridl 
aim ul aoma ol the featitirea (particularly the (iulf- 

-*?Sp^»«w»H•••^''»^»*««•'",^ <M*»a "•*• r ** 
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<if Altukft trough) nhan«»-<!, fchn movement* n( t.ln< 
. ninjiuilll l./l.   Ul lMil!«4   WI'Hi   M!t»J»HlAl>ly   !'!;«•>   U>   I In' 

. <>;ii|><»( < ) t   lliotlotm.      'HIP   IOOAUOM   And    pfnRTIUMlivn 

•MHn   of   HM  i«m-w»v*   pattern   Afe   »!*•»  '-inartjF 

#rt 4   Tlw* *f*'}n"<-fl map* aVw & aigoiftaaBi aaaV 
waff?   W»rtf,»w   •"f   Cfv   tarf*   AI>(lfy'l'h*MM   *«4   of   th* 

in**<< r-/rlonvi r*%'ui$t* ms the wpp** knj,g-*av* j«st- 

letm irvvmi toward the t«iw Ihre of the in>»rt MV 

f*«r«i*i»,jt devpit»pH*«nt* :* lh* apt** fame *4 * sr»»f» 

>.{ proaumMcd asjiUfyJuMina w* * >,!r** '»r*" nwth to 
-.•F.iii t»-»w «-#xKorn N~«arth Amerura »hi.-li WwA 

plar* a« the major rottfl* ukall Bffl wit bl fj*«* the 
**»?iJt 'il AiM*& •!','« f.Jw r.:«ld a»r in the km lawabl 
W the .••••••j»t«R*«ri* H11* *»t*i*u-..» !• Al'M'HwMiii 
of Hat ffOttli tyfi* wbcra Uw 5»»ri£ tt«H a?w pro 
aynaJva, »ii that the atufara •aStryrfaoM fend »y> 
1 fc«vi« its oafl davalepad   *»*! LtM wtaji<*f in«igh» 

fstnalir 
f *»0   St Ha ol it'.ii«*r»wt s<» senspani la* tn^ha*!*** 

>>S   l*w   ,'l)>i)i;f    •;i!»iiigr    (itAjUMTSM.    wjvwib   are   n*!**!! 

•WXMI »n araajBaab -il  thr »jj*pe* *i». with  Uw   Utn*> 

•Ml |i*.Mrn*»     dba faf   Ijj »    Tib* »»     «"*•* Mi 
perf»*fit »4 the ntiltJIaa «rf taOM MBtM niffmBp" mwia, 

to A rwrUuik oaten*,  ""'ih  tW mtrf«»a <JI the «•>«»» 

aav*a; hoi "be rmrth f>th POP {••WWWI   4 tfcrtt no 
:#..«i   Sipi»iwf« r.4» tlir ?••:!.(.t ««? 'trefxrctkni,, <rf Jhn m* 
jug f ;>o.;v» iwwl lidpH      M * m*wH, tha i*..'tv«-»«"f-S 

*.i.-i iniMMtejp rinofH si thi okatifs paHKM ••• 
tO b* Jftr(pj6*f 

S.f.ft. Hi.afi<B«ii«rT   14>f»i»-W«rr   Paltrew*,   «»r«i^» 

HtabitthB^  iM»i*Jty   pMWWi fw  * »u«ii.i«"r ti d*ya 
'Thf «J3jJi"wr *ir ft-.t-'«r Mamteiaitad with tiw k«>i-»'»if 

pkttWRl   rocwtitutnk   *   fcwwj   p*tfemn   (of    ihr 
jwii!i«lspr-«"lll»»      «Ji«*»»»*wMwiri>» ThMt     •MH^Cafct 

iiiifil m ih#> flow •«<( tlh* Uurf|t«-«knkk^ teog^wva p*i 
lam      la rfwwtti Ny  NMiniat l,lMjr  F1.J1.* f!2l   *t«i 

oLiwm, ih«» m;iV'.«r ifwiigfc* intran^y •* ihpy no** 

UsravHJh nhr •.^••«)«j5it '4 i.br 1*«-g **rw *»»•{ «•«***•!• 

f'W «»m* <"h*j-igfwi erf im«i*«)v jw-npr >»•. thc«p BHk> 

[»• ««| ^r^tuJw 4»r tnm«e»iTe» r#h!)#m •at-iKh B* MKMt- 

a<,r»i wiUi nfakW tfrtlftur t:airlly s<" * r»w.l< nf th«> 

p|v«rikr« n| (h**r- wr;*3«»T wab BjnMNM, tlw tsirtigh* 
»(»<! ri<i#r* %4 thr •u»4it»»«».ry !»m« w»v«i %n frfg#m. 

•ijirrwi f*it Ui<) h*nt t«! k«wU* WJJM tiy 

#.? /. Taw •rrvAti'w <>r }?> 17 I.'*:-»«»*» S«H>. 

n« shown ia %?.irat 5» 1     h» S(pii» Sh ih* j>r*d< n*- 

tude*. A HWIOIKI, iintflh  WAAknr, flUTNftl rii*Aiitlfl» 
itcuKui Iho iiiiip Hi, mtlfltl h wli.'r l«(tiii.-i«'(      I ho o'«i 

(i.ihniv   w*vn   l«nnl,h   ((igiirfi   ft«tj   for   th«   North 
Atomir«n  •*»•'?  AUfcnUr   mtw   M 7W  >f*if.   fiftjt    »• 

ifl t5"*N  in tmadatSaa wiifc » irt*<lrnn!in '># (h- 
*«• TI»J  wifid      F*» iiv I'acift'- «v-i«jn  .4  iho  m»$i. 
|J|»*   »**l»-'^i»/r»   wnw*   l»*tijr*l»   nttbltriiw   lit   tnrrmmtm 

fur * t-ij»i«i4«-ri»l:-W iiaAAatr*t ft'srth ill i.fwrf sn&xlnm 

»rai «"i»Ki    Tin bntwjn w int la >h«* pnnn «4 
linnBoad ondm wiriif .-vinr-rit »i »hi«sVr Ui.Ju.*- 

hv tlw uittria dnomnd la !h« 4JI mm, th* 
>r»J«iw< srf 7*1 Uwnii ;J«« whsr-h is fiamd «t :Ju> Ulitudf 

of —»•*—•"" «m»| wirvd aJ tii MI*N, » HM I>^«1 
faioa hf *h<» «l*l*»>»:Ar!r warf Wiglh Thia 10 «"«i 
finiifewl l».f •opeaianan of tJh^ m*p. riaca th<  f.*!! 
•#0*N )k» |ft*N Ban ihi«»»»jli U'* PMiir* of taa «<»<! 
wirwi BBVaot 

9 7.1 .? T1J* i"lr«it*)iMf*«*>iit •.--• n>r:mm>ttm$i*u(, ol 

ih* Batml kanf wava jwS«^m <MS l.*» J^wwrni** » 
fr»nm 4»ffi.- nit t{»ji«t m thr ;t"rvi»«s» i>«*r»ifiJi». ii'«fr l»-t 

lh*  r-mnpt^t  atntrimfp <v|   iht  pmMnris  ir,   iJ-^  I>«WII 

-I*M mi liw m*p |t<!wvM th» apaaa now out 
(«•>*• IA t*w*«iWr, ntp.ttt M, «h;j*» *.•> ramly ktufnt* 
(W-i lue>n-waiv* u*t.l«WTi AJ th* lUMtuti* liwixaHl 

•bor- ,:.^ aeuial «*v* &p«im.tkt *»» li I*f*w»T»i»iw 

»r* ?4 kng d^f ta tlw ft»pMS« ami w|niiiBi!iimlaitj 
7f» nog. de<K C«r thi» < 'ntfcMf H<at«* rVmh ><f ih«*r> 
nfauna *<* JtaM •tisgchiiv Ian (ana t>w >ahm »ii" the 
*!*!*<«««•>• awn b-ngth    A* Indkaoad i'y tin »{M»v»r 
OOlOb S«Bi!-p m*Tiji«»i Bihrm'ki Iw <>tp«« («} »^ Sl»e nrtAJii'ir 

§7 it Th» 5«¥»-mJ> rbmn fin 17 Danaabn 
ii*M* (tig. I«j aaowa * aotobie waiWiiy "wr th*" ow 
Jiwr IS !itwiBWnhej ;•.»'•*! >rig V>? Th*1 Bujar inaajh 

ov«r «Mrt*ra North Aiwir* » »UBt gppemd mst, (U 
I omit inn f^-inn dMBoah bn »pwtfy •*».•«'»« <«ri IJM 

mfMt^iy-ttMVH'ii riiw 1 ''»•<- IK). Taa ntafo i.r"'i«iJv sn 
j}*,$» <-fiff •>• .Aiaakx h*» BSA rr:-»i-'-*«iJ MM! •'>*•• ra*}ot 

Sri«i|j|i OVM ihc «r* of J:'«^>n'i httn nr8r«t{iTA>trtt ASHOMI 

10 long '!"«. Tlw maJOT tfa^a wra \"*rtS: Antorka 
it av8 defl*»nd <»« t-«ii»h napi The RUIUV t.T><i«irh. 
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figure SI.    H-lii.ur MMMnlt !•• l«li« .!....««>», WMNI OCT. IT  IB iWanttwr !««(. with lr« 
loclurla* <>f rJiaitg* •niln< 

are fount! »l Mia level tut a remill of Mm atrong (low 
aloft. In general, families of wave eyelonea can 
he observed In the Went Atlantic and West I'anlfln, 
with u third family appearing lit Mm Koal I'aeilm 
!.y   >7   l)ee.eml»er   IHftO (fig,  AfV     III  middle lati- 
ludllH,   where  Mill 1I|)|M>(   lllMK WIIVII   pattern   in  found, 
under Mm major ridges Mm surface anticyclones are 
strong and Mm trough* and lows am feeble. Under 
Mm major troughs, particularly on their eaMi aides, 
i.lio reverse condition in found, i «., strong eyelonic 
activity, and little or no uiitmyolonlc activity. 

t't.t.f). Urn irajocioiioe «>i tin-- 24-iuiur uetguL- 
change pattern* at 500 mh (fig. fii), follow Mm hand 
of maximum wind, traveling north around U\o ma- 
jor ridges and aouth around the major troughn 
The upper-flow pattern In thin iiittiation constitutes 
A stable •tearing pattern. 

2.0.0, lti-ti«i((ii-Miim uf l-ong Wave*. A eon- 
tinuoun retrogression of longwave troughs, in which 
the wave troughs air conserved, i* a rare event. 
The usual type of retrogression taken place in <* 
diawKitlnuona fashion whereby a major trough 
weaVena, aoeeloral*s eastward, and in transformed 
into a minor trough, while a major wavr> trough 
forma U» the welt of the former position of tha old 
one. New major trough* are generally formed by 
Mm transformation of minor trougha Into deep cold 

troughs. Hiime Mm old troughs am weakening and 
new one* developing during thin process, it would 
he improper to attempt to apply equation (.'l> m 
a phew •velocity computation 

B.H.I. K<]tiatlnu CD duett indicate, however, the 
iMwaihility of retrogression and therefore in useful 
in forecasting retrogression. When the actual wave 
length evened* the stationary wave length, a short- 
ening of the wave length is to IK» expected. 1'herc 
nre two poeailiilities for thin a<ijuatment The ftntt 
IN a retrogression, OH deserihed above. The second 
posaimlity is that of an increase m the wave num- 
ber, i.e., the formation of a new major trough which 
is not compensated for liy the disappearance of an 
old one, resulting in an Increase in the number of 
major troughs in the eireum polar westerlies It is 
ni.<, always pKHMililo to forecast which of thc>M> two 
[konffihilitie* will become an actuality 

S.H.t. Retrogression   in seldom   .1   localised   pbe 
nomenon, hut as a nile appears to occur w, A IMH-H 

of retrogressiona in several of the long Wftves     fCs 
animation of the periods of retrogression shows that 
retrogression generally Imgirrn in a quasi stationary 
long wave train when the stationary wave length 
nhowa a aignifieant decrease Thla nin hapiien t>.> H 

reault of a deeroaae In aontl wind apeed, or of a 
anuthward ahift of Mm ronal weat^rlitm 
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f M.S. Ho.nti I'IKHHIIUMiwt.ioH of it riitiojcrfwsion «» 
ItilKii   IUI. 

H TraJtotcniM erf 24 hour lu'Wii clmngfi pat- 
1.< ii.i. ivt '.(Hi m!i (I. rlati fttHll llw i.ivii.l of maximum 
wind. Ni-.v oonU IM appear or K«IHI.UIK OHM rapidly 
n»T*«v»e in intPDirlty 

I). I'upnt intenttJIhmtlofi of mirfano cyolontt to 
(IK: WMt 0! sxlatlng major troun.li pimitioim 

t.A.fO. AN f:.»/iij!-i.h. .)* run rtWTNoouBHMioN 
t»Uo<-B*M 1*4 MIMIWII on l.h<- nm|tu for t.h<> period M H 
November I05A. (HCA fig*. (la i ) Th« «H> iul» 
iiiiuri. and •p»oo-tnwui •. Ii.nl. for o November Mtn.i 
(*ee flgn fla, (WO show a long wuve pal,(i>m from 
AJJJSV to tf:.*; !!..!..> MotidUi' i with lUaJui trough* 
in tluv w.Hlrni I'M. il>. and extreme Wnateui United 
Htate*     Vim Uniifiti at 14ft IfiO'R iiii« bmn <jiia«i 
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iSfft TO IIO'W 

«UMortary at thin poaltion •Imw '2 Novnmlmr IMS 
.'Html! rfi'fuc (rotitJia have I men moving through ilia 
trough and this regime rontimma throughout lint 
ftxarnpm     in the muilrrn  Paoifio the major irouuh 

nntnring (,!><• II. H. on >S Novniniwi   III/,:; hna l*«*«ii 
programing alowly for wivcml daya     (Klg  61). 

t.ti.4,1- The wtationeiy wavu Itmgth fin ih< 
I'ai-iiic anrtnr obtain**! from thtt »ovi*.i wind profile 
(fig. (VI) ID M,'l lontr <leg. in tin Minn 3ft <IO"N, whiiih 
uoltmidra doanly with Urn position <if i.h« current 
woatrrlim on the fttXVmh ohart. Thn nnmparisoii 
of stationary and actual wavn ImigttiM tlmn in /,, •• 
83"; £ - OS* (Note that If thf vain* <«f »7° at 
4(i 4o"N were oeteated for //., the indication of 
ii'Uiij'.n^i^ii   would   not   !><•  ohangod.)     The   ituli- 
CfttCri     rot'ojrrpwlnn     wiMirw    ouiflklv The     WHJlk 
trough new 1fift"W on n November I9R3  leepetui 
rapidly  (fig   fla)  Mid anmimn* the role of H alow 
moving major trough  l>y 7  Novwnfier   II1A3 (fig 
fle).   Stationary wav» lengths for 7 and H Novnm 
be*1 1958 were K.'J and H'2 long, dog, respectively for 
the »ono H.p» 40°N.   Tim old major trough IOMW it* 
Identity KM it tnovns late the Idonltiii^ lUnation 
ov«r wMitorn   North  America  (tin   fig).    Tim W«H 

level ohaiia for <i it November low (ligw  6b, Of, 
fth), clearly «how the rapid change of weather re 
gime over i-hr eeetero I'anifio and wtviUirn North 
America (e.g., wl^ong antioyclognneaia along II. K 
Went   ('oaat)      The  mil.  amount  of  ratmgromiion 
nhown from 8 to H November HMW amount* to '/0 
degrees at 500 mh. 

>.'.s /, «*   Tim alrong meridional How pattern at 
ftOG mil over North America Mjetward to hlurope 

a 
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PJ, anh'.wwrrinrtii', I»I» 

120       140      I60E     ISO 
1 • 

5 NOV 

6 NOV 

7 NOV 

8 NOV 

FtgWM -M      !'i.=!S!r ..I 11.4-  *«.+*Mi 4 n»<l   «l (WO o.l>. 
trough 

mi (V K November 1968 i* <t food example uf « fl-w 
pattern    to    which    0<|UHtiotl    (:<)    nhould    not    !»• 
applied, 

?..'>    liicreMaliift Wavp Nutitlirr.    AM mentioned 
ithiivn, whoii (lit- actual wave length exceed* the 
(stationary  wave longtli another adjua&tUttitt • •-. tin 
Sung-wave pattern which o*n occur i« the formation 
of ix oo'.v major trough which in not compensated 
fur by tho dtaappoarancn of an old I rough Chin 
development >« often ansociftted with rctrogreaaion, 
When « chftnijc of wave number in ctMontated with 
rotrogmwlon, Urn old majoi trough progrpeeofl cunt 
ward with little or no weakening im the imw trough 
develop* A in';ii-i;ii rule of gome value in ah (•>'> 
h»wy: If h exceedi /<, by a small amount (o.g, I * • 
long dog or so), rotrogirwiion will occur. If L 
nxrondf //, by »>• larger amount, the wave numbei 
will increase. Numerous exceptions to this rule 
o(ti> bn found To forecast tho exceptions' nlos* 
attention must l»a directed to Intensity nhangas of 
tlu<. old trough 

Hhoit totni   constant,   ahsohita-vortlclty    trajec- 
tories (see Sect, IV) have been found of some value 

z\ 

B !l N«HIIIIHI   1988.    viiaai rvriiiVal U>..-» ESjH«ftW< nm|i-» 
;>iui)lt<Mli. 

in determining intensity changes    The period of 
'ZA '27 September ltiB2 over eastern Atlantic and 
Kuraeia illustrates n chillier- in wave number asso- 
ciated wtth retrogression. (Kxauiplc nut ropru 
dused ) 

Jt.iil.   I»ri niiHH.^   WMVC   Nuu>»<>.     I\   JccrCiUv 

!:s the number of major trough* in a long-wave pat- 
tern oemini in connection with rapidly increaidnR 
stationary wuvtt lengths, usually as the westerlies 
are shifting toward the north Thers .n- two 
poasihilitice for this decrease One m the "nutting 
off" of a rnajoi trough >*» described in Section II »\ 
pin. 2 I't.l ' 14.2 The other possibility is the 
marked Oiling of » trough Much that it. <iiMiij<|>t>nix 
or moves out as n minor trough Tho trough In 
which Ihi i !'p... i J; ocouri ic usually one which IN 

only a short distance (usually Icwt than /<»/2) down 
stream from 'mother major trough A *po<it,w nho 
example of •» decrease in wave numlmr by filling 
up of a major trough took plane Kt 17 Septamlfu 
IttVi in the natttnrn Atlantic (KxamplB not repro- 
duood.J 

;• I»IWII DiiiWl» HUilii|i||lUHW»i'»Wii »i' ~—*!r-'4im*imiiimt*k!Tif** mtUV"wenWlwawHWiw•>*• » »•«iiw>p^i'»»ww :m» • •  > W HI! I11 ^ ».»« 
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II.    <:HAN<.lvN Ol    VMJ'l.iiUH   Ol   TIIK I.OM.  WAVES 

! 

2.11.  I  M'-Mt.iiiv AtttplOudfw.    Oin ability to 
predict  amplitude     IMUU'M   of   I lie   i..n,.   w» •• M   i< 
mutth i' 'it than nui ability to foreeaat their motion 
i'httii amplitude* tm lnlluniiRtnj by many oompli 
I'atoc! olTcnta from featurea moli i»« the longitudinal 
v>n IHI.IIIIIH of MiitpliLllill untl A'llVI ltii^tli (1! "•','l!.', 

! '-'I ).   '••>'•'"«• | i 'Mi 11   or   -.< cnki'iiinn  of   llo  |)ivli<Mn 

l>v lt»rit«» HIUIIC mountain effect* (Charuey and PHI** 
MRII  |'>| ), and  lncii!  nonvention of potential  into 
kinetic   energy   (( -inui.-v,   1'jortoft   and   vim   Noil 
mann !<i| )     Thorn i« little <!">il>i  l.hal  thfl ayate 
matin foronaattng of amplitude* will have to nwn.it 
further reneartih (wo par   2.10,1     However, a few 
prortwfti'H can IM< rei'njpttattd ami D^M! ID a furepaat 

2.12.0.   f'ro|>MKUtttvii    of    \ .,.,.!•! .i.t-     <  luiiu- - 

fltnvnnlst nni id. v.!.v    [3ft),    Ynb    \'M>\,   ('rtUMttUUI 

[7], and Hl-al1' Mem bars ol tint I iniviTHi!y ol t Ihloagn 
|'/iI hnvn di .torlbed u pruueaa in wliirli * pronounced 
IOIISIW of cnornv iti p. trough >*• followed In a very 
l.li.rl I      t.iltIK     IIV      flU'lMHlioll     lllld     illU llHlll III,Hill     <lf     H 

wav« pattern downstream, They aanrthe thi* type 
of development to 'In1 theory Hint. >» "diaperainu of 
energy" dowrwtreani t *« u•»« pl*i-o at n «p*>«wi equal 
to the group velocity (i.e., approximately twice the 
•peed oi the annal wind) of thu wave pattern. Al 
• ii.-u.il. ili<< relationship between i\ rnlaaati ill kinrl.r 
. HI i|',v   111  ii lii ii|-li  liinl   I.IM   follovMiig  ii.ii.inlii.il HI 

Intensification ol the wave I»U'I m, i.n.. '•• • ••. known 
amplrically to fnrneaatara for many yean, tlm ap 
plication to the atnioaphent of the theory of t.li« 
. ,..ii-',   cilr.|HIHIoli   fol   fomi **Ullg  I linngcH  of MUplI 

iini.i in ntill nut  wall underttnud IM.. par. '.' 12.9) 
None I licit tin, thin application of the Itowby theory 
[29] ha* verified cnmUtnntly enough *o oonaider It 
u >i..iMt forecasting tool. 

f tt I l'!«ani|il<'M of iin.i pntoeaa of downstream 
propagation haw l*i*n IIIHCIIHWMI by ('rcwwiuan |7| 
Figure 7, tan.MI from In* paper (VJ, riiiowH one of 
thfttn <>n V!;t November I04fl, whnu the deepening 
of i.'.iii^.ii A .....I |>egioninCi iho dowrurtream pat 
I^TII ww oixirlv il<*H»a«i Elowever, dhortlv afl.t^r 
trough A began to deepen, the ridg" to ita oaat. in 
lenilflod Tluw 'van followed in meoenrioii l>y the 
formation of tnaigh I*. <•!»<» fo^rmafJnn of a riiln« 
naat of trough X, ami t.ii« deepening <>f trough ('. 
AM ihown liy thia esample, t.lm aequenoe of event* 
wliiuli I'.v.mi with a it Htpening in North America 
riillt.lnucil   until   ;t   Utrtillg   i lr"|ii'm lltf  iH'rllllrd   IK trill 

ui  Japan  a few  <lay«  'aU't      Keoently  ('arlin  [ 17] 
(nit-li'iln'il   tlii'   i'«r.n!i.i  nf  a.'iot.har   HUI-I.'I.HIIJI   I'IUW 

study of th<i proeeH    A aindlar proueav but on ."» 
dav mean chart*, atartlng witb a deepening In tb<' 
tinlf of Alnnlin, haa IMMII dcnrrilMid l>v  Nami.-ui and 
• llapp II"! 
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t 1$ ti    AN   k.RAMi'i.v.  IIMIII   Onto! mi    •'.)(>(  in  |»iti 

ifiitfit in flgiirm Ha ^     Hern !i/< in ilm prenptling 
pxantpln  (fiK   /),  whoii in H lung-wava pattern n 
|I,')IK;I|II. i'i! ivii,|i!i! tile ui<)>wir oonifwd in mm MMt- 

linn   Niimlar /viii|iil*inlr lili'IfViW H HIIIIMI tjiinntlv VVHm 

OIIHIUVIHI iluvs u/il H'Hin '1 Inn |u<itl< nlin situation 

iWUt   aalMflti'll    jiarfly    IXH-AIIMI    II    -un • • ;..~.fn!    finiVIUlt 

r>l the amplitude ohangm In LhJn »riei WIM marl? 
in LIH I HAF Wonther Central, An Weather HITV 
ice, from the nhtlVfl principle 

• '> «<J *•' n «i *• 'u M an «A 
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The MX>-mh chart for 9 October MMU (fig, 8b) 
•hows ii pronounced major trough ovei the \tlanlii 
Ocean Downstream front this trough is a strung 
?.<n ui current which Hows through a (Ui trough 
over ^si» The pattern over the western Atlantic 
sod western North America in In an advanced 
•tana of > pronounced amplitude Increase, as shown 
by the 48-hour charge patterns (fig, Ha)    Thin i* 
Indicated particularly by the northerly |IMII  of 
the rif < Bros over i linmli i with respect, to '!•" fall 
area In tli" Atlantic The deepening In the At- 
lantic continued until 4 Ootolier MMU (figs H<l, He) 
when tlu< major trough th*re «< t.niia*>l it* greatest 
depth, Hcrwevar, by thin time a strung deepening 
had already iM-|i,<!ii over northwest Rusei* By '< 
5 lotober « deep cold- trough woe completely de- 
• /cloned ovw weat»rn lioosia (dp; Hf). The forma 
tion of nn intense oold lew nt the surface between 
Moscow and Hverdlovsk (hiring this period should 
ulso ho IUUIKI (ISK  H«) 

'I'll" hicrosse of amplitudes did not atop witti th<> 
formation of the deep trough over western Russia, 
Will *u ohecrv«d even farther dnwuatrtiam. I HUH 

ii in V October WWW, a pronounced deepening of 
the next major trough, In the western Bacino, wiui 
observed, 

f ISM.   I "fc THBOHV   or  mr.  OOWNSTRKAM   DIS- 
i niiHiuN ov BNicnoT assume* that the atmosphere 
in essentially bsrotmplo.   However, there are other 
sound theoretical ami observational reason* to he 
lieve that Iparcclinic fjfooli tmiet be included to ex- 

plain Intensification of the waves.    Bsrooilnio el 
feeta are evidenced in the faot that for severe! den 
adee forecasters have found it  possible  i.» mitiei 
pale certain places anil times when the ninplittirln 
of the upper flow pattern will inemaao or decrease 
hv noting areas of Indicnfcri nd voctlon of wnriri and 
cold   air     This  in observed  when,   in   the  midille 
troposphere, the isotherm pattern in out of phase 
with  the streamline  pattern.     A* an  example,  in 
the   cose,  oi   H   north south   nytomclrio  •trcamllnc 
trough,  when<  the inothotut trough ia found  went 
of the ntrt<nniline  trough,  an inereaee In cyclonic 
vviriii'iiy ean lie nxpotited in tlm iitraamUiie trough, 
HiinilArlv for ridgee, if an imithenn rulgn in found 
west of u nvninii'trii- north -south ttraarfillne ridj^e, 
an iiicn-juM- in nnticyelonio relative vortieity ean he 
exjieel^vl in the streamline riil^e     In other wor<in, 
oold-air «-lv»n turn  in aNatHuaUnl   with  falling j;rr« 
auree, aiul warm-air kdvectlon with rining preamireft 
in the midille and up|»er tropoaphei'e. 

I In- nffiMitM of the haroeliuify can, in a oortalli 
extont, IM« eonnidenxl eepsraUil.y from !.t •< hsrn 
tropie ehangee, at tiinna reinforeing and nt limcn 
opposing them. There U ahio the ponaihllity that 
harotro|>lc effeeta will eluuige the ciroulstion |iat 
terna so an to Influence the OOndHtons under whieh 
putantlsl energy in e<mvertod into kinetle energy, 
i.e., "trigger" the ttsroolinic effertt*. In renent 
yesre theND barnellmii effects have lieen iiicuqxiraleil 
into numerics) forecaats made hy the use of an elee 
ironic computer (0), 137], |88J. 

O 

K.    <:tlAN<;KH OF SUAVK OF THE I AMU WAVES 

2.13. Blocking, (-hangea In the general appear- 
anoe or nhape of the long waven, an didtinguifthed 
iron • iiun(/<'H of puuiihi.i, usually • • nur ^ the 
structure of the basic tonal current '"hwigen. One 
typo of changi in observed when a split of i.h< conal 
i-nrrent oooun, If ths uplif, affects a ralatively 
IIIIIIUMI ins-it a iil.M-lujit Hittiation is said to eniet, 
as deaoritifld In Nnmiiwi |IK|, Itex I'M). IUKI others 
Within the area effected by the blocking, the long 
wave pattern no longtir exists, if the split of the 
eonal current oaeun on a hemispheric scale, -in 
described by * Iresmnnu |U|. wpamio wave pulii inx 
can be found in each current, having different wave 
lengths and phase relationships.    (Hee par. SI, 14.8.) 

2.14.0. < oi t.it Low.    A  prnoees  is commonly 
• «!.«» n .<)  id  which the northeni part of R major 
trough  fills up or s^nelemtes eastwanl,   while  the 

m 

southern part of the trough shows little change in 
poeiiiitn and intensity. By this process a CIIMMKI 

cold low (aloft) |c formed in relatively low !»'•• 
tuden 'i'his type "f development line been uallod 
the cuUtny-iijl process, with the formal ion of a 
rut-off low A considerable amount of lltorature 
cxist« on thin subject, e.g., lift] [86], 

9.1 i-t A -i!,--i|: liijr eitninple of the formation of a 
cut-off low (hg si), IH given by Palmin [21] On I 
November 1040, a pronounoed major innigh era* 
found along western North America The tubas- 
intent formation of the oold low over New Mexico 
wan accompanied by a notable weakening and east- 
ward acceleration of thn northern part of the trough 
This process involves the orivection of high vvluea 
of the alrfmlutc vortieity out of the high latitudes 
into the low latitudes At the name time the low 
fornin in the south, the trough in the north weaker* 

Ife* 
"v. r   ^. 

,1. r: •I 

o 



Ji 

. 

Q 

• 

O 

•yr~   : y, i 

J 
111 

I 

i )/>'*/ 

V  "H 

...i 

r*M*f/s*J fit 

mm I 
/   L. tiyjty/ 

\ as 
*SS3R>«23s 

/y   Sew vir i rt • ;'"r 

be      \     A/AVW / 

:,^y-i-:7 / 

i 

31 

www 

iy .it *•••-.    * •JV !? r r 4S A 
£23«fc". \M   - ;>*'<^J?^ 



K. - * 

—Ii ——I—fl—MS—MMB1 

*./4*.   II. linn linen observed (Crewiimvn |7| ) that 
there i* ft distinflt tsndenoy far several of these cut- 
off low* to form at. about I,tin name time at widely 
w<|mrut.n(i places on the hcminphcro This o&n ho 
associated wjlii (In splitting or it aouttl current on 
» bomt*phmin nos>lo. I hcim IOWH mark the trough 
positions of tha long WOT pattern In the southern 
current If (,ho nplitliiig and nyolone (urination 
occur in relatively !<>w latitudes, »> g . about. 40"N, 
the lower-latitude current would !•<• moat Intense 
at or above '.'fni ml), and would IM larnnb obscured 
ut. 700 IIII>    At .'Hi mi) the ml-oil Iowa would thai; 

appear to !.-• isolated cyclones without ftny oon 
n en ting current 

IIi ft The development of a uplil, in the sonal 
i umuit of westerlies, either over a small area or on 
u hemispheric scale will radically alter the Struc- 
ture oi the ii'nn wave* (Vt present it i» not possible 
to forecast BUeh ii npltt with any iiiiioiint of annu- 
Fftoy until it, in aelually Ululer way. A piwaihlo lino 
of attack on t.liiri problem, bawd on theoretical 
work by Howiliy |8Q] ha* bean published hy Ilex 
j'«!f>| lint. IIIIH not. yet. been thoroughly tested, (Hen 
IIIMO the suggestions in par  '2 HI ) 

O 

F.    RSMABKS ON LIMITATIONS AND APPLICATION 

2 15.0. Orographte Iitlliieneea. The i(UCHllnn 
often uiiiH-ii JIM to whntlu r or hot certain (tini,« of 
the long wave pattern om be considered m "key" 
feature*, their location being fixed by low level 
solenoid DUIIIM tir by terrain. Several excellent 
paper* bearing on thta subject have, been written 
hy I loll i ',1|, VV'illiii.M |S4|, Hl.owart [33], ('barney 
and l']li»ni«<-n |f>|, and Ilolin |'-'j They have demon* 
strated thftt the larger relief feft til KM of the earth, 
in paitioular thn Andon, tin) Hooky Mountains unit 
the Himalayan-Central Asiatic plateau* tend i.o 
"anchor" ndgeH in the upper-wind field in thn long! 
Utdei corresponding to the regions of iun.li surface 
elevation.    The dimension* of fhi) trough and i idgo 
pattern downstream depend on the stationary wave 
li-njtlb.     VVilf.iiin indn'ut.cd thut the OontnJ  AHIAU 

|liuUliUM    |)Hhlnil)    I.'..-   llilNll   plt.Jl.tllili ' >I    UlpllglUpli 

i*aJ effect in th<< northern httmiiphere; und that, if 
I.I •) wasterliei «iro found at low enough latitude* to 
lutpingo on the west side <;f the plateau, the rirlgf 
aloft to the north i» wtremely dependable. If tha 
wcAtcriion am found M- higher iatiiudee, thn effect 
of dm |)lf<.ti'.tui IN nt.iii important hut, not, quite HO 

rlepeiiidable. 
g.Ui.i. 'i h« indunni'n of the Rooky Mountains in 

•Oinewhat Innti strung than that of the Aniun pia 
taatiS VVhi'ii thn maximum sunnl flow IN found in 
relatively lniv latltudefi, rmrslstent wild troughs are 
in ^nationally found over thn Hookies. However, if 
t.h« nmxliuuin wo«U'rli<>« am found in hii».hm lal.i- 
tud'M, tbo pr*>in!iiiHi uf an upper rldgn In more dn 
pfMiiitkhle. The effeot of tho Ahum ctat.i'iiuM in often 
strung ottough to disrupt t)m long-wave pattern In 
it*  vlrinlty,  whrmtw thn ofToot of  the  Ut«>Uii"i  l« 
most often fi^ftr^wsnl in a lai-k of symmetry of the 
loi.g wavd in that area This will !>•> HIIHOI veil im 
iv temporary inf1u»noe m fixing the upper ridge over 
the ttortkius whde the major truuglis to ti>«  <u>nt 

ami to thn wnKi, nmvn alouK 

.•'/.•;• TUB UKSATKIT DtirtnouLTY AND MOUC IM 
I'IUMANI'  I.IMII'AI'ION   IN  Tltn  /MTI.II-ATION  Of   I.ONU 
WAVIIJ   TKOtlNlUtJaS    IN    HAII.Y    nm»ii AriilNII    Altl«r« 
rttttM TIIM K.i-f rii.it I'IIK< ». I'Mniiriini!! DUBIB NOP 

ALWAYS PBI»I»NT A PtWVW or A WKI.I.-DHriNSD 
BONAL  rllltliWNT  IIAVtNII   tillAHl-HINIIMOiOAI.  I'KIITt'll 
iiAiniWH I'hn fli.it Htnji in the foienaat routine, 
then, in to aoinnt ttm artit. on tint Upper u.ir oluu U 
whnrn tlio acluiil flow imu.«rti Apt>roanlmM tliin 
model an ama whom thoro in a wall-defined lonal 
niirrniit cintitiniiui major troiii(hM anil riilgiiN. Por 
oilu r areas, which may be oharacterlsed hy block- 
ing, .or oxoiupln, long wavn tnnhiiiinnwj ait« not 
appropriate, and other techniques to be <liHnu«iMtl 
in other parts of this manual most Im IIMHI. 

SJB.S. l*'or example, the &00~mb ihart for 'I 
April 1051 (fig. 10), contains a strong IHSI!. of wnnler- 
llcc fit m'd latitudes from central %sle thrmufh \\\t< 
western and oentral I'aotAo. Thnm i.i one major 
t.i'oon'u nvnr the east COftit of Asiu and SiiOthef one 
at. iviiout, IfiS 'VV In tlio naotern Paeific thn weater 
lies split into two distUiet ourrents, one at high and 
another at !>iw latitudes. Both branoho* am viwy 
weak uvtit western North Amarioa. A l>h><<kiuK 
situation, a** ileflned l-y ROJ 1'25|, nxiHtN over thin 
arnti    in this case •••- stgnputation of trough motion 
ran be matin successfully on thn major trough at 
luo"W; but due to thn large alteration in the snit, 
tern downstream from this area, hum wave toch 
rdquos Mhould not Im applied to llm low off Cali- 
fornia or to tlm trough over eastern North *,morir-R 
77tr. tntthadt <>f forpcwiting tony umvr mution, an tU- 
mrilml proviouily, tkouhl he eorufidwrtd a* n tool in 
l>f uitfd on rrriiuti ri'roanunbit' l\l}»'» nj jlow intttnrnn 
Thoir indiscriminate n :•• on nil ,  pen of flow pat 
terns will lead to a large percentage of failurnn 
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<;.    NEW TECHNIQUES IN LONG-WAVE FORECASTING 

2.16.0   'I•in! .»f n<«'i.r.h    The rapid deveU 
opinent* iii iln' Held of numerical weather predie 
t.inn 11111111!• tho but low yean atrnngly suKgaei that 
in ill!- uewr future forecast* of large scale flow |>ut 
Uirnn (and small-scale patterns) will l>c prepared 
objectively either by the use of HII electronic com- 
puter, or by graphical means Kjortoft |ll| hM 
done the pioneer worl in graphical UHIUUHIB of 
numerical prediction, realising that the service* 
and /or product* of an expensive electronic oom- 
puter would not. im available to many lorooeetutg 
station* for novcral yean, 

t.W.t Fjttrtofi Method faction II!A (pur 3.1 
3.2 below j discusses tlw uw of this graphical moth 
<HI in tlio forecasting of the small*] scale flow pat- 
terns In April MM, i/'jortoft demonstrated »t 
Headquarters, AWH, on extension of this method, 
whereby lurgerwale (long wave) flow patterns 
could be forecast for periods of 24 to 4H hours. If 
ibis method in a* suotMssful a* preliminary tests 
have indicated, those parti of the herein discussed 
long wave forecasting technique which an bused 
on the use of tit!- 11owl>v equation will he out- 
moded and replaced l»y more objective graphical 
inoMioilri A l>rirf >l.-m njii i.in of the protwlure for 
Cjortoft'* new methotl follown, Detanhmanti with 
mitlii iniii: faolltt.lcM to expeHntnnt with tisiii new ap 
proaoti um enoourafed to do to 

M.ltl.B. Forrmttinu Ih* iMig-Wavru by the h'j&rtaft 
(irnj)hirni Ttchmqu*. iOoreoaiting of the loon wav«- 
pattern by K^'M*'

1
'''

1
' msona nonekta of nrnfiping 

the abeolute vortioity of iln< lonK-wav<< pattern uml 
ndvoctiiiK it in u auifahln flow field The odvoolive 
in id it, obtained by ilorurtructing n •paoe-mean nhart 
of the oriiKiiml 2-chart («oe pnra. 3.4.0), *-nll«;»l a /. 
(<!doul>l«-2itMi-bar") uhart, uau.^ <* ai'iu Bi£o of 720 
nautical mitee, and a<li!ing to (lie 7 a field which 
aooounte  for   the  grid   length,   rhungu   of   Curiolin 
pai*n«)Uii ftliii lutitudc, and map proJfsrHon   The 
grnphii nl MlepN io.- minilur to thotio IIMHI in con- 
fllrucling ft ?• nhart. (Bee Appendix V > Tiio wldi 
tioiuil !nl<l, .1/,, in Kilildii graphically to the Z chart. 
Af, i* invariant with time, rind can therefore bo 
computed imcn and for all for the map projection 
need, The following valuei HI

-
*' for the polar itereo 

graphic projection and yuil viae of 7JI0 nautical 
mile* 

24.ft*N      2t«) feet M!nH        HtK) feat 
87.fi*N     400 feet-      fi2.0*N      1000 feet 
40.0 "N     000 feet 70.f»°N     lyoofu.t 

Note that thin held ia an eaiit. to went flow field 
which ntnulte in ntduelng and distorting tic /.-field 
(A/ •field in negligible for the Ntnall grid \\nr<\ in ob- 
taining the i?-l!ow. and therefore has bee;! neglected 

(Continued on page -l I) 
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MOTION OF THE SMALLER-SCALE SYSTEMS BN 
Miimtorosi'iiiju: 

A.   T11E USB OF VORTICITY < HAH IS 

3.0.   »t«h<tiv<   Vorlhit)   4 hurln.     I'hiilln III   the 

relative vurthilty at 5(M) ml) hava proved uwtui in 
tlm fomeaattitg of tho amellar-ariela flow pelteroa In 
mill l.ni|HW|ihoni during a trhil period of two yimm. 
Tho primtiphi involved in one which lm« I men well 
witahliahod by trlala in numerical prwdlation, m«n« 
iy that the majority of the I'liangon If fctlMM pattern* 
observed in miii tropOtphere DM he aenounted for 
by horizontal edveation of ebeohite vortimty for 
•hurt tin in pnrindti ami wnall -attain ayatnuin it m iilit. 
in in that i in' relative vortioity in mid tro|>o«phoro 
i-ftii IMI treated K« » relatively ooneervetive property 
f>tir> tn thn pr*<Ne<w<n of vnrtinal ahnar in thn attnoe- 
phore, this own Iwi true in the. average ior one level 
only Crewmen |io| found in two different witua 
lioiip that linoa of ahaolute vortioity (line* of rela- 
tive vortioity also, toe RIMKI approximation) moved 
with the following paremitegee of the wind »pewl 
normal to the linen 

I ; 
(..uttiii iinwura tuHua tmb) rmi vn Mm 

H r Jtmvaiy mflH 
Mr.-.n likiiVPtnttll i f lint's '••'•'   <-»il 11   I   1^1 

of Etiimuil wkmi <•{"•• -l i 
• tiiiininiii •invmii'iii {[wrintutftM' "' 
.''HII.I'I'"I davUtion iif mwii i\mt  |     ;i I 

nttntage). 
Nutiitxtr of RUNUrUrUIICfBta II 

i 
III   PlUunr  I ".'•!< 

Mi*n ii«ivi>n.<'-iil. of lini'N ({MM • ••<>I   I   I l.i 
• »f tinrmnl Hrltiil «|i«t«ll 

Hi.mil I An I (li>i-li.i.ii u l|«-i-M,tri(i!,!       j     'Jtl 
MUmUi.l ilnvUUon n!  iii.ufi 7|>or    |       I  II 
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from Uin iili.ii'" data It can Im eouoludnd that 
thn  vorUnity   linmt  move   with  Opproximetaly   the 

M 

apand of the  v- • ai• 1 norniiil  to them at <M** mil, or 
with appropriately KII pemefil of the MNI inii mar 
nml ivii'i) Miii'ini     A  reeomtnended pruoedure (or 
lining the prinolplo folioww 

a    t itnii/HiH nf I he tn 'icity '-hurl nm be etioom 
nlinhi-ii i|im:J*l.v  by K"M !'""-I method*    With r«f 
itriinrti to tho nri'l of hmnr ,i, liio ndetive vorliiiily, 
fs ciiii h« writUm IU 

*u 
«.- (7.     *•), 

M* 
wlmni \) i« the eooeleretion of uruvlty, / in the (lori- 
olin pHrftiimUir, <l ia thti grid aim (liintamtu from l\ 
to A}, and 2* - (Z* + /» -f Ba + Zu)/4. If the 
ormmai WJO-mb uliart i« auiitrauUKl graplu'oally from 
the upaoe-maajri (2) of the «a-n« oitert (ww Ap- 
pendix), tho ic.-iiiltiiiK quantity (?, Z), in UMKJ tui 
n mprwrttntatiuu uf urn uiiietivi,. voitiolty. 

11 J*ea movrnitnl of thn rtlativt vortinly or (J - 
/) linrri in tlu'ii nivim iiv MO juirront of the IIOIVIJMI 

in-lit uf iliti MX) mli wind normal to tin- vortlcity 
linaa Cuing I In- naoatrophiR approximation to tlm 
MMI-mli wind, tlm motion of thn {?. '/.) lmoii <:an 
in' nalmiiated from th«ir lutornootiona with tiie WM)- 
mli roiiioiim (/ tinea) with ihe oi't of N> gaoetrophiu 
wind Mcivin    However, tim only difTnranoa between 
th«< /  Imrt iiu.l thn / i.in ?• IK the Vortioity prtttoni 
(j?       /), wliit!-, cannot edvent IteeK.    It foliowi 
thnrefom that tlm vortioity ilnea nwi aluo be m! 
veeted with H(i pereent of th»i wiml oomponent on 
the '/• nhert twirmal to tho vortialty liiuj,    it in 
mmtomury, thnnrfiwe, to iKipy the vortioity pattern 
i /       '/,) <m llm iipanvmnait {?,) ithart, ami to nom 
puto tlir speed of the vortioity linoa from thnir in 
teneoUuna with the / Ilnea    Thia IM lUualratad in 
fliriirti 11      I ho apaad of I In- {?.       /> line normnl U> 
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itnelf   IK  obtained   hy   using  the  geuntrophia   eltid 
•'I  :'-!''    Oik    Hi"    tlrilivniT    ,S„    III    OXIUtlpli    ili) 11    the 

oRxtwHril ipeod of the vorUolty line Irs denired, the 
Ko<inlro|)liic wind tittA* ihnuid tie applied to th« 
tliatwioe 8., IUI in example lb). The advantages of 
using the / linen to eotnput* the motion «f the 
(/. Z) lluou aii' (It ilui two .-•in ni IHII'H Hii« it'i 
H rule more perpendicular to each other than would 
ho the ease if the £ linen won lined, IMIII ('-!) tli« ?, 
pattern ehauge.i more slowly with time than the / 
pattern 

-t 

it: 

Ftgnrr    II.     N, hi anslkn   (lla«r«ota   of   «a!v< < I Inn   i»( 
vor*l<illy llnrn 

e, Cnmjmtntiori* of thr mwrmtml of LHr (Z      Z) 
Un»t at map time mm then be entered on the "hart 

Hitinti the (Z Z) line* eharaeteriee certain fea 
lures of the flow pattern on the BOO-mb (£) chart, 
me h KM 11oughn HIM! I idges, highn and lows, these 
features will lie moving with speeds nitmiar to those 
computed for tlu< (>! '»') linen. The use «>f the 
•peed computed at mup lime for a time interval 
extending into the future in <n courne suhjeel. to 
changes In the Z chart However, the t chart Is 
relatively stable, changing only nhnhl-lv during 
most 34-hour periode, and to u «,' •• • I approximation 
the (/ /) linen nun he visualised as moving along 
through '» stable Z pattern for period* up to 24 
hours. Movement* in the Z pattern reflect move- 
ment of the long wiive pattern, and in the nine of 
stationary lung waves the ?. pattern DM bn eon- 
n,i« i«•• i stationary mr periodn in excess of 'M hour* 

•I.l.tl. An I •«ni[>l< . An example of A enmputs- 
tlon with (.he aid of A vortleity chart in shown In 
lijiimr !'.'« e, ('omputationn of the eastward mo- 
tion of the (ft - Z) linen anaocisUsl with a 5M)-mh 
trough anil low nre entered on the npac«t-iuean and 
v«rtlel!.y chart The following i un. IUHIOUH car, he 
drawn ''inn the iomputatint>n in thin example; 

vl) The vortiotly linen on the went Hide ol 
the trough ere moving eastward more rapidly than 
fchoaa on the east nlde of the trough, implying a 
nlmtj - rtlng up of *hr trough 

'id-., in.-* >ii<> -on .• •>( gpantirwjin ehcrl    1*MI)«II HVIIW »ri I«IAI1V« vnttinUv (V       ffi lir.«a    M'iU*>tt in-u^^i * in hittiU 
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(2) The HveraKo u( DM computations be 

tweon 80* I»II<1 40" N, where the main part (if the 
trough in fnund iN 20 knuta 'toward i.lx- oaat). Tim 
average <>f the computation* between 40 and hO"N 
In I ft knot* Thin difference In eastward spaed at 
the different latitude* IndioaUt* H oortdlii amount 
<if rotation ni the trough 

it.I I. Tha SflO-mb charts for computation time 
IHH! fur 24 hour* later an' reproduced to show how 
Mir Computations vorlHod. 

X.2. Kmm. Homo of the crmre mining from the 
simplifying, assumption* underlying thin method arc* 
mentioned below: 

a. Graphical or procedural errors made in the 
|II<II'I-NN of iiiiiumiMK the A mill (/ — /j chart*. 
Those can ho nliniiiinifMl HI* the analyst becomes 
experienced In (,1m operation. 

h. I'Jrrors in the vortioity analysiw In. to l,hv 
large gild niso mi.'.!     Those result In undereatlma 
l.illll   llf    relative    Vnrtloittr*   a**oelatad    wi.il   Strong 
hmisontal shear, They show up most often by 
loading to ovuroetimation of the motion of arti- 
ryclonni Of Hdires wh«m Strong horizontal nhi'iir 
exist* south of tha Jet. Nothing nan be dene about 
thin typo of error except to watch for it, AM the grid 
IIITIH in IUI <l within narrow limits by many oou«id 
•ration* 

0, Kirnro in the vortioity analysis *ng from 
rrrorn in tha original ftOO-mh analysis. Wit,}; tha 
'argi M."'' ••',''1' ' ''''I, lli'--' an- WMiiitllv not wrhnts 
unless gross errors exist In the original MNHnh 
analysis. 

(I Krrors In the forecast (bin to the operation 
of nonttsmtrople proeenaen. These affect the in- 
tensity of tha vortioity patterns, but wildoin have 
a significant influence on the epeed computation* 
for short period*. 

II.    MOTION OF TROUGHS AND RIDGES FROM THE 
PETTERS8EN EQUATION 

O 
3..1.0. The Kquatlon. IVttenwon |2:t| ha* ar- 

rlved at tha equation for tha motion of troughs ami 
ridges, 

a-— , 
l   4- (/,/9»«>« 

whom: 
(' —n|i,-H»l Hi iim trim ii W rl<l||n llni>, 
II - wind JI|K-<«I Hi Mm t.r<m|(li Of rtit(n Inn. ill Mm corn 

,.f #»,.. Inl 

It -iimMiwtv'l vurlMlnti <>f Mo. Cfirlolif piuiiii.ot.i-r, 
/ ~wnu.. Inngtli, mil 

(I- luilf Wllllll of )rl. 

H.3.l Tha trougha ami rtdgaa of i-lic loivg-wava 
pattern aro usualiy detenoined \<y pointM of mini- 
mum and maximum latitude of tlm contour*, on an 
uppef-ajf olmrt. Tlicy mi»y HIH-I be detcrmhtad by 
maximum curvature of the oontour*. Howrver, 
wld'ii minor IIOIIHIIM ami MIIM'H am MU|wnni|niwiii 
on tin' lonK'Wavti t"f'*,,f' = . (-*•«* rmiultin,, analynin in 
nomplex. The minor iy*tema an alway* ohano* 
j«>rir»'d by maxbnutn Rtraamline nurvabun Tha 
formula uivi'i. ' >- IHittirnuan WIMI derived to apply 
to tri" !IK . iii(i,i'f.i liavinK maximum curvature 
of i MtraaniiiriM, and not. neciaaaarily runniiiK 
througn point* of minimum (or maximum) latitud* 

of the oontour*,   In vinw of thin faflt, the followitiK 
NuxnohiiunM nan be olTnrcd for it* appboatiop 

a. If there nm no minor troiiKhri or rvlgen 
mip«rimponod on the long-wave pattern, the mpia- 
tion may tie applied to the long wavaa, eim-o the 
major trau«h* and ridaea are than oharaoteriaed by 
maximum ourvatum of the contort*. 

b. If minor Hyntftmn are mip«rim|>ofled on the 
long-wavo pattern, the nomptiiation* ahoulu be 
made on the tuperimpOted minor tro\igh« or rtrlgea, 
end mrt, on the major Hyntnma. For exnmple, if 
there in a wide trough ('»*« w ofUm the cawi with n 
MIOWIV moving major trouKli) tiie strcamlinr* uml 
JHOtherrn* ahould ho carefully Inspected i". the area 
of the trough for Indioationii of minor tfougha. The 
laotherm* will often offer a good olue. If auoh » 
minor trough in found it in the computation on tine 
that nhould be attomptaid. 

8JUI, TMHTM. It ban Iroen found |lft| that the 
Pettenaah aquation niven the bent reaultl when ap- 
plied on the 'tOO tuh oliariit. Thin alone doom not 
oiii-i'wmrily m*an that WK) mb In near the mean 
level of iiondivorgeneu, but rather that the total 
effeot of all thr. termu luwumeil nnuli^llile in the 
derivation in le>wt near 500 tub Thin m nhown by 
the rtvorafm  Alitebrale  (nyBtematin)  error  (ITOUKIIN 
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and IM!«< n ineiuded together) from « aampla of 100 
computations:* 

TOO nil) 
W) ml. 
.UK) ..ii. 

-a. B 

! ia.7 

fS.Xt.l. Thn various parameter* need in thn 
equation ahoidd !MI mmtjiurod n« follows: 

n. Thn wevn l*ni«!.h. //, id dnterminnd an twins 
the distancn from thn trough (ridgn) to IK> nom- 
putnd and tin u|inti«am ridgn (trough) hi the jnt 
atmam. Again, the iieneasity for careful selection 
«>f thn proper nyatem* to be used must l<c empha- 
sised. For example, when computing the motion 
of A trough, one should go upstream ftlong the jet 
and chooan tw thn ridgn linn the first linn of iiumi 
mum antlryelonie curvatum of lh<- streamlines 
The usr. of flat major ridges should not be at- 
tempted 

I). Thn latttud') is that of thn trough (ridge) 
lino at thn jnl stream. 

o. The com speed, U ia thn maximum wind 
sjieed of thn Jet at thn trough (ridgn) linn, deter 
mined M a beat estimate from otKHifvnd and gradl- 
nnt winds. 

(I Thn half width, H, along thn trough (ridgn) 
iinn, in thn IHCHII of thn distances from thr (ton* of 
the jnt u> tiin point* north and south of the jot 
where thn wind armed first drops to a value of 11/2. 
It ia usually profitable to draw iaotaoiia to obtain 
# r |     ft i   ami /» 

««  Thn 34-hour displacement in givtm aJong a 
linn perpendicular to the trough (ridge) linn, and 
puuilug through thr. jot stream at the nUrtlng pas] 
tiort    HUM is usually a distance along a west-east 
axis. 

,1.1.9 * Thn l»wl Mwultn will l*« obtained if 
thn troughs (ridgea) to 1m computed am Relented 
under thn following conditions: 

a   Adaquata Upper-wind data art ncceuary. 
h Only t'Mttm should hn selected where the 

ttrmmlintw hnrr a tD*ll~dqfln*d tinutoidol pattern 
from thn trough (rido*) in queitim for n dietance of 
IJ/M upttrmm. Symmetry of wave Inngths up and 
downstream about thn trough (ridgn) is not re- 
quired. 

* ft* *|i|»tnlli U>t it..m>«itiit. Im •KIMUIXI HI II.» <~jii»ij»n 

M 

(i A timptt and fairly aymmntric vrUnity pro- 
fit* along tht trough Uidgt) line i* neceemry. If thn 
velocity proflln along thn trough or ridgn linn in 
complex, with mom than one maximum of speed, 
or with a notable lank of symmetry, largo nrrors 
mav man It. 

fl.H.9,3 A tnat of 157 trnugha ami ridgna by 
Johanmwinn and ('mmman |Mi| haa iudloai«d that 
thn following norrtmtlona should !••• appltinl to thn 
rnaulU of thu nomputMtiona. 

a. hi-diii t onn longituiln dngmn |M i day from 
n&nh romputatiou of trougli rpnnd. 

b, i><xlii"t ti.ni' longitndn decrees {<>•< day 
fr<»m the enmputed motion of natm ridgn aait of 
thn llouky Mountaina. 

o. Dndunt fi" pnr day from Urn i ompiitixl mo- 
tion of nanh ridgn over thf< Hookies, 

8J&JI 4 A furthnr •««». by .lohannnaann and 
('mamiian on a paw sample of ftO riiana wan made 
Hum, thn iiornn'tioiia iudinatnii above wnm ipplle<I 
t<< thn ,"ouipol.'il.ion»i Thn mnu!tn am nummartaoil 
in tha following table: 

An 

•i.ti 

S.fl 

No. of ( 
M«an oixtHrvml «|i««vl (hmg ilaf./dayl 
Moan ali»tilut« arrnr »f »<>m|mU«i tipnml 

Qcatg. dag ./day). — 
Mean amir of an exUra|Ntlnii<>ii forwast 

(Ions. il"« /'Inv) 

3.9 ft. OoNOLUaiONI.     It nan bn aenn  from  thn 
above remit* that the equation of Pottnrsseu given 
good results when the troughs and  ridges to he 
QOtnpuWMJ   am   rH'i*!> V*H:   raiofuiiy,   umi   wlinu   MJ<> 

quate data am availahin.   Thn Strict data require- 
ments for this type of computation limit  ita nMno- 
Liv. i..« !,.. the urr.u of the United Staloa, a\ul ptMui 
lily western Kurojjn, whnro good daf* are available 
Them is no mai oonfliot between the equations of 
PnlfnrHHnn and Itonnby, inanmiieh aa null in tiaeful 
under nnrtai.t Mpneifind conditions, and for certain 
purposes, a* d«"*cril>nd earlier. Thn (loaaby squa- 
{.ion in suitable whnm thn data am not no complete, 
i.e., over onnanin areas HX well as ovnr land, but will 
not g>" n such n dntailnd fomeaat aa thn Pottorsoan 
equation, giving only the lor»(hWAVn motions. The 
rsttwawi equation may l>n mganlwl an a mor« 
atte.iiratn .uU'iiNion of lloaNby'n work, a|iplioabln 
where refined data permit ita use. 
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Sorlion   IV 

CONSTANT ABSOLUTE-VORTICITY TRAJECTORIES 

0 

4.0. Drdiniiloo.     Tlm    horisontal    trajectory 
taken by an air pa: col when its absolute vortioity 
is conserved (i.o . the relative vortioity ohattKe* 
only when I.In- Conolls parameter In nhailKcd) in 
li'linoi! M ft <'im»Umt AbmihtrVorhnty Tr<\jrrtory 
fOAVT). These tl"a|ootori(«s tiro computed from 
tho same form of tlio vortioity equation aa is nwi 
In deriving the long-wav   aquation, 

4-1,    Notation      lo     LMIU-WIIK-       I << !llll<jW ='*. 
Minos constant sbeolute-vorUoUy trajectories and 
tlm long wave (omniiMiHiH teohniipma nro based OH 

the name principle, UH'V usually (jive similar results 
whan applied to a forecast problem. Ilownvnr, the 
computation of individual trajectorlee min bn mad.- 
in man complicated pattern* than those U> which 
t.bn IxiiM. v/iiH' tochllilpins run bfi applied, particu- 
larly in I ho irrnjpilar pattern* whwi wave length 
nan hardly IKI defined. The basic lhri»ij of constant 
ahsoluta-vortiuity trajectories ban Iweu ffununarised 
by ftossby [iiaj, 

4.2. Choice of Laval.    Again  the question of 
iu>. vmUiui MueaJ   j.'HKMiuL ilk  tl»o wonloilion IIUIMI, bo 
considered. It. in evident that in tlio atmosphere 
wave speed and wave length arc relatively constant 
with height, whereas the wind s)>eod increases wit.ii 
height. Tho uune renaming applies here <w WAM 

used iii the application of equation (3J for the long 
waves. Hume the mean love! of non-divergence IN 

near the GOO-mb surface, the wind speed* at, tMK) 
inb should he applicable in a I'omprelmnsivo 
study of trajectories, Full* !i'.'| indicated that the 
lo.OOO-font winds (shout tMX» ml>) were probably 
the mo:it. suitable lot um in tho oomputAtluns. 

Assuming   tlm   wind   generally   increases   with 
height, ami Mm axes of the troughs ami ridges »W 
asiantially vortical above ?oc mb, this result means 
that tho IIIM'I of non-divergence and Um bee) vori- 
tloatlon of the trajectories in to be found some 

wheru abovo 10,(100 foot,. In view of tun work of 
Full* arid Namii» and (-lapp i*t'j approidmaiiuly 
tUKI mb seems to IKI the level from which wind* 
should IH» *ol««et««d for trajectory ('(imputation, In 
practice, however, these winds are estimated by 
selecting tho initial point, for computation at. ,r>00 
nib and deducting one-fifth from the MSI mb wind 
speed. This is justified by the fact, that the direr 
tiou of the winds at (MM) mb varies only very flight 
ly from that at A00 mh in the pronounced currents 
where trajectories are to IH» computed (w«e para 4,3b 
liidiiw i, and by tlm fact that in moderate or strong 
tropospheric currants the wind speed at (MM) mb 
avoriufoa very eloen t^i H()% of the iifieed at, NN) mb 

4-1. M«lr4'ilnn of Initial Point for Compula- 
tion of <!onatant-Vorlielty Trajectories.    Thin 
in the Micp upon which HUCCCHH or failurt* of i.he re- 
sults often depondM     Tho (umditionx for iti< aelen 
tiou arc OH follow*. 

a. The horizontal aboar at the initial point 
ahouid be lero. This condition is nocca»sary be 
cauiso In the uomputatSonB tlis rolalivt) vortlclty iij 
assumed to !«' due entirely to the curvature of the 
strnamlines, The vorttnity chart described in Sec 
lion IDA in frmjueulJy uaaful in ileterminlng Una 
coiidition. 

b. The winds at the point selected should be 
situated in a veil defined current, and should be at 
least '<i'> IsnotH In Npood. I'IUM is uooessary since the 
wind speod is assumed to be constant in i\w- tra- 
jectory computations, If a well-defined current i.i 
ii.«-(l the niwwdiilify of its decay during the foreaast 
period is at. a minimum 

c   The limitations of tlm computation mctlKHls 
generally  available restrict the points o!   the tra 
jeotory oomputalions to Inflsotion [H>ints of tho 
MtrcMtnlinos.   This condition logethoi with the hrst 
two conditions can then be combined  <>> say that 
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tiut mthnl pom. for a a>tr>f>utolwn *houUt h* HltOlad 
in ihi> renter of and at an VhflmAian point of a lOtiU 
dejined current 

Sovi-.rivl computation methodl huvn I•>•<•<, pub 
lldlxi'l        M.IM!,   tin lilli'iri   IllVolvit   ,1   001 I.HI 11   IllllOUIlt,  of 

error arming from vuiunw amplifying eeeumptloni 
v. hio.i Mil- mode. Tho tiim of (UIIIOH or wlUhi rulea 
nottBtnintwl for tr*JMii.o.°i«H on it flat oarth HIVM 

fairly anrmrato oon.putnt.onti for middle latitude* 
for period* tip to !M hfiunt Hp.ini/.l oompuUni or 
uorrnolion gtapha HIUHIM lm utMid for hi|(h latitude* 
wnl loiigor (miiixU |l.l| |U|. K. 1M found that th« 
Mow of air in tin- Atmonphere dine.* from ootutnnt 
vortlolty path" mom than Dm appro'iimnta nom- 
potation* do. Thin ilium not |*wmn Mm <lciuiivlnlii v 
of nUrling from waurata computation.!. 

\  IUIM'IIKIIHUI  liKTnrontliU  analyeer  ("wlggln- 
WHK<»I") linn liKiMi Gonatruotod by II. H. VVnl.nn 
which plot* accurate ooimlnnt vorlinity Iriiji'iitotiiw 
for M nplutrioal mirth dlnwtly or a niMp, tint thin 
apparatus* IH lift gniMiraily uvailabln Tim TAMUM 
jjivpn to AWH'l'H U)h UN wflixi iKimpuUxi with the 
aid of tins mnupuler and art! rocomiumnJird u« Uting 
III" inOMt oeMiratfl available and tho mi wit oon 
vanlent for uso. 

4.4.0. MQUMHU of Unit.* Cwutant-Varth it y 
Tr«j««!ic.rlee. There are epveral. Tho first and 
moat direct laniliixl IH to plot trajectories from on 
many etarting pointa M puwible and thou to use 

the winds Interpolated from dm trajeetorlae for the 
fon n«t  time In the preparation of a prognoetlo 
chart.   In verifying the •* is»i it. m generally found 
Hint the IVII.<I (Unction will verity morn ohweily 
than the wind iipeed Thin nan he explained partly 
by the 1.1- I. Uiat the .••.•-.. !. HKIO oi lie. trajectory 
will verify better t.luiii the ampUttidn mid partly 
by the f iv I that on any uppei *»i r oh art wind npi r.i 
varied more rapidly in the tinriBoiit.nl 'ban wind 
•hreruon. 

4.i.l. AN BJtAMPtiti ol IIIIM procedure IH RI••••.n in 
figure 18. Due to tin: restrictions governing seloo 
Mi in <>t tiin itarting poiute, only NU m MIVIUI tra 
jeutories could be computed from this map. Only 
four of :iii->«' remained on the map for a litv-hour 
j.iiii, I It, can he iK-nn ih,it, thnee four trajectories 
mi-  not. ftn.mgh  to  vi'-ld lU/Oo'.ont  infoniiution  to 
ilraw H prngnnetlfl abort; but they da nivn for««<B«!. 
wiiidn  with  wliirli  a  prnK'ioAtin churl,   wh«n  con 
Htriiotnd, nlioiild he iiiinln to ftgni«<. 

; •', P ANiiiiimii 'mi.. i>t the trajwtorlee in illun- 
tr»t*d in tlin ruiimi iigur*' The thnee at whioh the 
ImjtHitoriiia pioia |iointti ol maximum and minimum 
latitude I'm foiMM-aaU of ridgo- and trough IIM (MINI 

tloiiH at thoMfl timoA, K'v'ng a nutasnxi of rldgn ami 
tiougii movement. 

II •Itould do nui.nl Hint in tlm ulinvc <«xai)iplt) 
them woo a good How of wo*U<rliiia airowi tlm map. 
Hnmlttily aiirct'Mlul vnrifiuationa will not l>o ob- 
iinrvnil  if  tho  (oreoaet  IrajoutortHM run  through  a 

I 

i 

..i I'*ini|MiM>l - -i,^'«..l ftl*n)iii>. v.iitl'ii'ir *i«'".i... u* fur nii hi I-MI-I* Am iliawn Uf •\:.:,.*~i IIHMI rnnMMl win.l* *t* InillnAiaii liy milhl «lifcn# «n-l v«r 
'I'I.* •' ". '•< .Un.ivi -i.,n. I.,.,. i ^HI ii.l«ii> iniA iinii.i* i« n»i-.,u..i.» «•• i-i.ii.i.i..! l.> O..11 •rttrm Moa| with t<i«« ••! u«nl, »...i rlilr* IIH* I- 
rlii.   .     K himr tViMial i«.«>»|. »i.| .l.l«i IIPM «M  Inilii k(4ti '•> li***)' JMlWl lln« 
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linn;'  linn of  ni(IKi.HI:i   rli'.ninth'!!  or an  area of 

^^ blocking,     If   forecast   trajectories   from   n   well 
^[ » developed otirreiil <Mii«vi' mid patw through SUtlB KII 

Hi'HI  Oil   Mi'Vcllil   Hltl'ft'NHl VH   .Mlijm.   Oili)  Nllotll'i   ok (Mint 

u poiioiiitUon of ilic ivmitcrly minimi Into tin!   '";• 
llltnl:  Of   I'iorl.lHf   HUM*        I lini   pnllel.r&MOII   Will OOtiUl 

ill approximately  I'"' mi"'"  flii •'••  H" mdleuliid 1 <y 
the trajectories, but at u slower, rate. 

4.0. \j>|»li. uhillly. Since, the computation of 
themi trajectories in based on the munn prinoiplo IWI 

the IniiK-wnvn techniques described earlier, It la to 

(Continued from page IM) 
in Section IHA )    A representation of the absolute- 
viirtii'ily linhl  m WJW obtained  I v  militrftH in|t the 
£-fi<>.|d from I In' X   i    A/1 field      !ln   advnrtioi) of 
thl* vortioity Hold by 100% (tentative, vain*) of 
''ii' '/, I M\ (mid indicates (lie motion of the tony, 
wave features. AdvMtion In computed f<»r vi and/ 
or 18 hours This adveetion in bam*! on the aa- 
aumpiion that the £ Held varie* very slowly with 
time.    The  height -profile chart   (para   '2.ft)   of  A 

IIO exported that approximately similar results can 
lin obtained from the use of hot): methods How 
ever, it would not be proper to conclude that one 
or the other method i« sujttriiuous bathos, the 
computation of a numlioi of eoimt.anl "ortioily 
UajoH.ol ioa on it map provided u UOIlVOIllollt t.hOOK 
on the romilltf from the long-wave analysis    < 'no in 
never HO confident in a forecast by any method that 
it cheok in not desirable Alflo, a« mentioned previ- 
HHH!V, I'otmtnnt vortii'ity trajectories oan In api liud 
somewhat more wldelj thai the long wave methods. 

/ (OlltiHIl  OOUld I"" UHO(l IUI a check on  llllil amiullip 
lion.   An approximation of the forecast long wave 
pattern in nhlained by adding the /,    I    M, field to 
the foreoaet vortn-ity pattern, &    (/ | Af») «•- 

Tim motion of trough* ami  rldgon of I ho limy, 
WHVK   [inlll'in   am   determined   I V   '-   I "111(111.1 luon   of 
the : \agnitudoM of thi' 7- ami Afr-flow fields: tta- 
tumary, /. Jield equals A/, in Id. rftroflfeMien, *- 
In-Ill leoa than Af, field, pntyitman, £ -field greater 
than Afr field. 

o 
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A 1.0. t i..iijiMiiiii..i.'< uf Ht*»t}ont>r^ Ware 
!.«»inrli IUKI /oiml Wind Spaed.* Aftni Mm 
Heritor for OOtnpfl t.»Mun IUIM IKT I designated, Mm 
IK i, hi find loDipflrfttUN "I Mm i*MK) ml) •Airfare 0*1) 
in> tftbulftted lepanitfly »it Mm intoiawtiima of Mm 
latitude tdndrai (ovary ft") And this nmritliuim (svory 
10") Thaw data then yield, nftut m--ni|nii|i. nioutr 
the l&Utude ittrolea, Mm lui-mp..' Imlidi(< and tjim 
pnrattira of the fi(X>nit) mirfane for tmnh ft* latitude 
oirule witlttn Mm noutor Hltntod. AM example tit 
Mm Imijjlil ul>ulatinn for Motor 510 "W i:jft"W in 
lljtnrt  in in illijnlriitwl in iignio A I. 

•ill. Tlw (K)UAtluii of uinU'. Hint Mm livdrontulit' 
equation, when eornbirtati, jrlve the result that 

Aflanu   —   A/I»„,I IKA'/'K,,, 

wlm>«-    wmiip >« the differentia  in  Cabilm  ((Jenti 
i*,nnlc.i   dogrotw  between   (he  uveruKf   tempereluiti 
along n  latitude I'irulo and  Mm  uvuragn  tampan* 
ttirc ulong it nerond latitude olrole 5* farther touth 
(northward ^MVHW of tern|>erature giving positive 
V&tueaJ.    lilt' quantiijoa iJ/i,IM, (vinl a.'u„.j mil Itm ilif 
ferenee.i of tlm average, height*) in feet Along the tire! 
unit tocond latitude eii-cltm at WK) ml. ami (MX) inb 
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mpaetivsly (northward ilnrrnaim of heigh tn giving 
p<witiv« v**lnne). Tbk relm.mii nMiimim thitt the 
meridional ttnnperfttiirn gradient nt MO mb i« the 
miiih IIM ill-, IM"Iiilnmiil tampwvtura gradient *v 
oftgod between !MX) mil and iwto mlt K g<*nd a»- 
•umptlon, 

A I i' PVom the H);;I\T aqufttiotl Mid from tlm 
height ami tetnptmttura avf'rng.w at ft" latitude 
Intervals iii. MM) nili, (hi' height ttvars^a at iWX) mi> 

for A" inlervaln am obt&lnod. Th*M VKIIIRM nre 
sntorcd Into the gnofttrophk wind graph (lig. S'i) 
to give the nvi»rttge (MX) inl> gMStrophic went wind 
ootnponotit at 8* In*itt><|« Intarvobi The we«t 
wind 1'oiiijniiiKhi in given In titiitJi of latitude de- 
grt-*w pet rlny Omit* of IK) nnnl.ii'iiJ milim), Tim 
valuea of stationary wave length in longitude do 
green eau he obtained by entering I.IIK value* of 
A'u..i, Into figure AH. 

G 

t»CTeHM!N«TiriN Or STATIONARY   WAVf   LINHTM 
I ,   HI .IHI I -i   1.UN0IIUDC 

J 

Klgorv  \ i      Hlallonarr   .-«».. »«.ugili (alauUiik '!<n n    u< • .   HUM of fit'- Mvrragr  Si< I^l.i  .110. ......   n. >«.»* A" 
III   l«)ll...i.     :.\'t I   HDt)   <>f   llltl   lull I -Hi. 
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1' .i   'l(it-   following   maniple   i«   poatulatad   to 
ilhiatrafe the  v&rimia  po**lliill(ien  ennotinterod   in 
mulling   liiot*     ll|i|lt|lill.ati'>illl 
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Hit 

A i ',   The computation! MmuM im made over a 
lUllgl. rf  l*tltlld«l  wllillll  lie tilil-'ti the lieli, of  'Viwl^l' 
HUM. The value* of /,, in id- >M< latitude I.U'HIH inn 

then he need for determination of the niiii.ii.ioi>v 
wave length. T!i« value* of weat-wtnd npe«<d nhould 
be plotted In » mijtahln graph («ee figure Id), ami 
connected by n etnooth curve.  The maximum value 
of 'ilivlnniurv wave length will ordinarily he found 
nl or jimt north <>• Urn muun latitude a* the maxi- 
mum weat-wind M|ii'i'<! Thin maximum value IM 

then the representative atatlonary wave length for 
I he v/wi-wind mirrent. On aome oeeaehma, ti weak 
«(•oi.itn.ry current of wceterllce t.o the north o! tin; 
meet prominent, mirrent will have the nwnlt of 
flattening the maximum on the writ wind profile. 
In aueh a rrltimtlon the stationary wave length wiii 
Inoreaea northward, ounaiderably north of the hit! 
tude of maximum weeterlie*. When ihia oocuns, 
the rcpreaontative value of /,, ran he obtained from 
the ft" aona uorreapondiftg to the maximum »n llo- 
wind profile end to the neuter of the freet-whid 
ourrent on the (nape. 

A2.0. Computation v.f the Wuv, M|H><N!. In 
the coordinate aynUtui of figure A4, tlie axes of 
which are the wave length wul latitude, the rnrvnn 
of /l/,'/4»' in unite of longitude dego»'« j<n <juy 
have been entered. II i« then evldant limn aqua 
iion (ili thai the speed i of * wave in longitude 
degreca per il'iy can l>e obtained i>v eublraofcion <>l 
the value of fil.*fiv* from T)/,.'/'**', when /.„ ha* 
Iteen obtained an deeerttted prevlouaiy, •'!•..! /. low 
been meaeured from the fWJO-mb ehart at the l<*<t 
tude uorrmpondlng to tl»e one at whieh   '.. vm« 

«ml^nl4>d     Thn wp.ve H|M«f»l then appllee at the e«n; 
putatiun latitude, 

WAVt    SHLt.f<   COMF'UTAflUN 
onnuitts  I.ONGITUUD  prn tv\r 

/ 

/' / 

<'A y s / 
y y / 

A mm 
M)     tn       &0     NO      n      «•        90     DO     ID)      DO     I to 

*Avr   i cNitiII. iuiii»i«<i ii)Niiiio(ir 

(ijjun.    A4.      IMI«IUI>I    (lit    ilrlrriiiliiMlliMi    <ij    wm 

AM.I Wlion the motion of a major trough in de- 
Kired, etperienne han Hhown thet the nor of the 
wave length to Urn next major troiijfh upatnuun will 
give the beat raeuHa, 

\.10. (^onatrucllon of ili<r Hpaee>Mean NU«I 

Vi»riicliy tilieriN. With reference to figure ;i in 
the text, the procedure oonaiata of fir«t averaging 
the oharta oenterod nt A ami (' \>y adding grn,ih 
ir'Mlv wnrl dividing hy two (aee AWHM 108 M)i'I) 
to oiit.nin n left to-right (horixoiital) average, aw' 
then averaging the rharta oentered M. 1> MH! IS for 
* v.ifiunl ttvcr»Kti (at right iingli'M to the left-to- 
right average). The reuniting horuontally Kim 
vertically averaged eharta am then averaged to ol> 
tain the ?, nhart.   Tneatepa in detail follow 

it Copy the BOO-mb chart (referred to lieiow 
a* I), whieh Int.i heen carefully analyaed with con 
t.onm ss\ 2<x> ft intervala, on »m anatate (II) 

It. Over the ftOO-mli ehart place the auntate 
ropy duijiiaoed e diatanee of 720 nautical milea to 
the right I'liKi. another anetntn (lit) over thi-w. 
horinontnlly centered between th"m. On ill draw 
contotira at '-'SMI ft Intervala repreeuntlnK the av 
erttge of I ami II twt diNoiaeeil Have ('hart III, 
whieh repreaenta the horlanntal averags 

o, Tnkti ('hurt, I again and place *<•• copy, II, 
diaplanod thin time a dtatan.ee of r.Ti nautical mlltw 
at right anglea to the diaplaoement m MI<T. I> Plane 
another anotate (IV) over theae, oentered Iwtweeii 
thetn     On  3V <!mw contoura at '.SK)|i. intervala 

*:, 

^?m&^s&&^»^$Hm'i^!v*^4-^' 
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. 
MlpleiHilil llltf   ll.i'  average   of   I    »JI<!   II   (Ml   ilin|'lii< .•<) 

Thin represents the vertloai average, 
d   Center ('hurt IV on ('linrt III, with ftdla 

placement.    Place i. dean aaotAte (V) over theno 
and draw cnntoiirit at. /(Hi H  int-ei vnl» lepieacuting 
the average of f hart* III and IV     Thin \» feh*  le- 
iiw.i apace mean chart 

e 'I'lir relatlw vttrtlcity chart, (?, '/•) I'httrv, 
IH ohi:iin.iI by subtracting the starting IHK> mh 
chart from »he apace nn nhail     it. IK helpful In 
put  arroWK  Of)   til"   {fi '/,)   linen directed  no  that 

login i values Hit to the litft, Indicating 111<» nennc ol 
the flow 

44.0. Solution  «»f  i'ellerssen's   W«*r-S|M>ril 
I .ipiuiioii. A nolixigraphic Nnlutlon nf I'i'l ("rxMin'M 
wave speed formula |'.>.'l| him been prepared liv I *r. 
i! I) Fletcher to obviate lengthy computation* 
This graph, figure A.r>, contains all auhtltnus of the 
initiation within what IN considered a range of me 
Lonri.Itigii HI variables sufficiently wide f>»r norms! 
[ircqgiifiaiM Wave I. II^IIIM up to fitxm nautical miles 
die considered, in are values ° - (mini" of incliua- 
i.ion of »i wuvi' if.i'i from a inn) up to 40". 
HWIOO   tliC   Wlllll  H|il'l (I   IHllgC  «' .- .'   ( IK (ill   !(()( T(ill 

between tin aunts from the o.ni ami more Ihtui '.!(H» 
l.iii-i'i front tin' went, it in evident that Molutinun 
can In- obtained for most current-eme nittiatiorm. 

•i /, /   When overlaid with an eowtaUt, tli<< nomo 
graph  lor  wave-apoed  calculation  m*y  l»e nn«l  a* 
folluWH 

i>,. The wave length, '•, measured In terms of 
eithei nautical miles or latitude degrees, in ioeated 
on thr Kip nunlti. 

Si. A wax pencil Una in drawn downward to the 
nlanting line lalwlied ')" If the wave a*m tilta ap 
prcelably front (lie meridians, tin- was pencil linn 
!ii i imtinuwl downward -t hi! t ntll it reaches the 
r line corresponding to the tilt It can In Been that 
thn ciic.'iM of tilt are relatively tuitall For most 
purposes acceptable aecuraoy in obtained  by  aa 
Homing  T,«T::  tilt.     '!"*>}«  W8J8 (loim  ill  the  (lit  (HflC 
thtr. IIIII), wixini the tilt parameter wtm not ili.i 
I'llWRtl 

ii,   l'h« WH* prncil i:tiii in then ecmtinuftd left 
wind to thn appropriate •/< line of latitude 

?!  Tlio wm piii.'.! line thee i« (irawn 'hrwn 
ward until it ic.aehcH fli(> proper s>. mil ripenl, whiflil 

IK expremed In knolM on thin diAKratn 
e  The line ii|..ii:n IN extended to the left Ut tin 

Hppiiipiliile  value of  IJ/H.      The  I,   It  pixiuinefei   18 

• n»! n.it'ii.-i, cj.i on it ICKIII be remembered that 
I! rnnnt he r.j.icr•..! in thn Hiunn length iinite nn I. 

(It Should li« no'dd that the. wuv<! •pOtd !• Mtuitlve 
to the vtthin of I,, Ii     Almi whmi // in infinite, the 
IvUciuac,) (!i}uatlon redueeii to the Rnawhy ^ipin 
tion (I) ) 

I. To obtain the wave epeed, In unite of either 
knot* or latitude dflgreee pur day. 

(1) If the Wax prncil line hen liehw thn axin 
labelled "Ntationmy Wave," it m intended upward 
to the wind npr'cd nettle, on which the epeed m es- 
prehHed m either « J. or latitude degrees ix>i day 
In thin mw»n the eoniptiU'd dltvclinn of wave move 
ment i« tativxird. 

(2) If the wax pencil linn liea aiioua the 
tttaUoriary wave arii>( It in eviended downward to 
the wind-apeed aoaio. Here, the oompttt»«l liireetion 
of wave nii.vein«Mit m utrntuw-l 

MtM If map difltanicn are measured In units ol 
longitude ileirreen, aitde-ntU oi talmlnr compnU 
tloPfl can  be <unp!oyeil  fi r   tOIiyeralon  to iltiita of 
Is*     ,n degrees.    Ilowevnr, the tipper portion of 
di   K <*i'h nan nimn 1»«« used, elnoe tint ditit;;nce of 
one   lon^ittidn   ilegrmi   •«pialr   the   drntanee   oi   one 

latitude   decree   multiplied   hy   the   coaitie   of   the 
lati' ude (the Ui[i part of the iiomoKritph i» aimplv 
a Kthphical rniiltiplieuUon of diNtatirHw by  ooa <f>) 
The urnphical priMHidtire in an follows: 

a. On 'In; top "'Latitude De^iceii'' male locate 
the number nf Inmrittide dfi«rreen and extend a wax 
pencil line down to the (("dine. 

b, Draw the hoe leftward to the appropriate 
latitude Hfl* then earrv it downward again to the 
Online. 

o. Rxtend the wax-pencil line aRain to the 
appropriate latitude hue, then carry it upward to 
the top itcale, which now wi!,' xive the number <*f 
latitude degreea (at the pertlneitt latitude! equal 
in lenglJi l<> the numlret of longitude tiogreen mt'-es 
tired on the map. 

( ; ;   Additional   length   and   if wed   eon version 
factors are aa follows 

IjMtgtl, 

I niiitiiin ni51e«"fl.N7 
naiiiieul ".id .1 

I liitiiDiitci     —0 ft4 
Si.l'il r 111   "liil.'U 
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